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Abstract

Wastewater from leather processing industries generally contain high amount of toxic metal
ions, organic and inorganic pollutants, which poses high risk to the ecosystem and human
civilization. This thesis focuses on the assessment of pollution level of surface water
collected from the river adjacent to the leather processing industries. The research also
focuses on the use of peanut shell, Bagasse, and potato peel for the treatment of prepared

wastewater and tannery effluents.

First of all, various physico-chemical properties including pH, temperature, TDS, EC, NaCl
%, BOD, and COD along with heavy metals (Cr, Ni, Cu, Cd, and Pb) of the surface water
samples were analyzed. These sample were collected from three layers at three different
locations of Dhaleshwari, Buriganga, Bhairab and Karnaphuli rivers nearby the tannery
where the effluents were discharged. In the next step, chemically activated pyrolyzed peanut
shell (PNS), chemically activated peanut shell (NS), and chemically activated pyrolyzed
bagasse (PB) were prepared to remove Cr(IIl) from Cry(SO4);.6H,0O aqueous solution and
from chrome tanning effluents. Adsorbent PNS, NS and PB was characterized through EDX,
FTIR, SEM, XRD and BET analysis. The adsorption capacity of PNS, NS, and PB were
104.82 mg/g, 58.28 mg/g and 74.63 mg/g respectively for removal of Cr(IIl) from aqueous
solution at pH 5.0, while, it was 72.79 mg/g, 58.11 mg/g, and 72.45 mg/g respectively for
removal of chromium from chrome tanning effluents. In this research, another adsorbent was
prepared from potato peel powder (PP) and characterized through EDX, FTIR, SEM, XRD
and BET analysis. The PP was applied for removal of leather dye C.I. Acid Red 73 (AR73)
from aqueous solution and dyeing effluent. The adsorption capacity of PP was 258.39 mg/g
for removal of AR73 from aqueous solution at pH 2.0, and 137.39 mg/g for removal of AR73
dye from dyeing effluent.

The Langmuir and Freundlich isotherm model were applied to explain the distribution of
adsorbate (Cr3+ and dye) on adsorbents (PNS, NS, PB and PP) surface. The values signify
that the adsorption of Cr’* on adsorbents comply both Langmuir and Freundlich isotherm
model, preferably the Langmuir model. Pseudo-first-order and pseudo-second-order kinetic
models were employed to justify the adsorption process. It was observed that pseudo-second-
order kinetic models provide better correlation for all adsorbents. The thermodynamic
analyses were also carried out for all adsorbents and it was revealed that the adsorption
process was spontaneous at low temperature. The regeneration was studied for the spent PNS,

NS, PB and PP, and it was found that the used adsorbents could be regenerated and reused.
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Chapter 1

Introduction



1.1. Background of the study

Water is one of the most precious natural resources in this earth. It is said that water is the
“Life blood of biosphere” as it is the main component for functioning of all living cell. In this
century it is appropriate to say that fresh and clean water is essential for existence of life.
Bangladesh is a riverine country having 238 major rivers with blessings of nature [1]. In the
developing countries, there is a common phenomenon to build up industries near the water
bodies and discharge untreated effluents to the surface water and abuses of environment and
natural resources. Globally water consumption increases significantly because of massive
growth of civilization and industrialization, and hence discharge of huge wastewater to the
environment with several pollutants, for instance heavy metals, dyes, hydrocarbons, phenols,
detergents and other pollutants [2]. Wastewater from leather, textile, paper, plastic, cosmetic,
and printing industries are the sources of some of these pollutants [3,4]. In nature, surface
water is not pure as it dissolves different elements and compounds easily which degrade the
water quality and adversely affects human health and livelihood besides hampering the
availability of fresh water for agriculture, fisheries and public [5,6]. The rate of dumping of
synthetic chemicals and waste into the aquatic environment is also growing day by day [7].
Therefore, surface water pollution is one of the most alarming threats for mankind today, and
it 1s significant to apply intellectual power not only at technological development but also

towards the protection of natural life support system.

Leather is a traditional export item of Bangladesh which plays a vital role for socio-economic
development. Leather sector is the second-biggest foreign exchange earning sector of
Bangladesh just after the readymade garments (RMG) sector. EPB (Export Promotion
Bureau) announced that Bangladesh obtained US $1.019 billion in the economic year of
2018-2019 from leather and leather products sector. Due to COVID-19 pandemic situation,
export earnings decreased to US$ 0.797 billion in the fiscal year of 2019-2020 and increased
to US$ 0.941 billion in 2020-2021 [8]. The sector earned US$ 1.25 billion in fiscal year of
2021-2022 with more than 32% growth from previous year since after pandemic. The leather
and leather products industries have a noteworthy position in the economy of our nation in
terms of value addition and employs approximately 850,000 people directly or indirectly [9].
Bangladeshi leather is exclusively well known to the entire world for its eminent quality and

covered exports around 0.6% of the total global market [10,11].

In spite of the socio-economic importance leather sector generate huge pollution to the

environment. It is estimated that almost 85,000 tons of raw hides/skins are to be processed in
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Bangladesh every year that produce huge quantity of solid and liquid wastes [10]. Around
156 tanneries had shifted from Hazaribagh, Dhaka to Tannery Industrial Estate Dhaka
(TIED), Hamayetpur, (outskirt of Dhaka city) Savar on the bank of Dhaleshwari river with
Central Effluent Treatment Plant (CETP) facility, though it is yet to be functioned accurately

for controlling the pollution load of discharged wastewater [12,13].

Leather is a unique commodity through which rural farmer is connected with fashionable
world. From ancient time leather tanning process was performed to meet the local demand
like, cloths, footwear, water bag, drums, and musical instruments. It is a natural material
which contain various complementary properties over synthetics, e.g., strength, aesthetic
appeal, feel, breathability. Over the time, with increasing demand of leather and leather
products encouraged the establishment of enterprise of modern commercial tanneries. In
leather processing putrescible raw hides and skins are converted to non-putrescible leather
through tanning process that protects it from microbial degradation, moisture, heat and other
environmental effects. Different mechanical and chemical treatments are used to transform
raw hides/skins into leather. Various chemicals; such as acids, alkalis, surfactants, biocides,
dye stuffs, fat liquors, binders, cross linkers, handle modifiers, fixing agents, salts of sodium,
ammonium and chromium are consumed during chemical process. Leather tanning process
requires plenty of water and almost 30-35 liters water is required for 1 kg of hide processing
[14]. Chrome tanning is the most familiar technique in leather processing, about 80-90% of
tanneries use basic chromium sulfate (BCS) to enhance quality of leather as chromium cross
links between the collagen fibers poses high mechanical properties, breathability, dyeing
properties and better hydrothermal stability [15-17]. During chrome tanning, only 55-70%
chromium is attached with pickle pelt and the rest is discharged with wastewater. In addition,
spent chrome liquor contain approximate 2000-5000 mg/L of chromium [18,19]. Moreover,
presently almost 100,000 types of dyes are commercially produced and 1.6 million tons of
dyes are consumed yearly, among them 10-15% are discharged into water bodies during use
[20,21]. Dye contaminated post tanning wastewater discharges a huge quantity of suspended
solid, BOD and COD, which decreases dissolve oxygen of surface water and also protect
sunlight penetration that reduce photosynthesis and increase turbidity of water [22,23]. The
existence of dyes in wastewater enhances the potential danger of bioaccumulation, pollutes
aquatic system and jeopardizes the whole environment [24]. It is very urgent to save water of
this earth for future generation as well as for whole bio-network. Various physical, biological
and chemical methods are generally used to remove Cr(Ill) and dye from tannery effluents

[25-28].



Different treatment techniques have implied to lessen the intensity Cr(III) and colour
imparting materials from the industrial effluents such as, chemical precipitation [29]
coagulation [30], adsorption [31-33], membrane filtration [34], ion exchange [35], biological
treatment [36], photo catalytic degradation [37], reverse osmosis and electro dialysis [38,39],
nano filtration [40]. Adsorption is very potential method to minimize heavy metals and dyes
from industrial effluents due to its operational simplicity, cost effectiveness, environment
compatibility and easy recycling process [41-45]. Activated carbon is produced through
heating at high temperature in absence of oxygen. Raw materials are obtained from
agricultural and animal wastes or by-products such as straws of crops, seed husks, bagasse,
fruit stones, nutshell and feces are used [46,47]. Due to having huge surface area and high
cation exchange capacity, the activated carbon can efficiently remove organic and inorganic

pollutants [48].

Different biological treatment methods are claimed more effective and economical compare
to other physical and chemical treatment method [49,50]. However, these methods have some
shortcomings like, large space, high capital investment, types and concentration, pH,
temperature, salinity, structure of the compounds, incomplete metal removal, generation of
toxic sludge or other waste byproducts which need to safe disposal [51,52]. In biodegradation
process, microbial biomass and its activity are the key factor for the removal of pollutant,
however, huge concentration of metals viz. Cr, Cu, Cd, Pb, As and Zn might have
unfavorable effect on microbial growth and activity [53]. Adsorption exploits the biological
materials to accumulate different metal and dyes from tannery effluents. Hence, developing
agro-based adsorbents can be a solution to these problems which will be attractive as well as

viable to apply.

1.2. Problem Statement

In conventional leather processing, chrome tanning produces spent chrome liquor containing
significant amount of chromium with other organic and inorganic pollutants. Unused
chromium salts are generally discharged in the final effluents, causing grave risk to the
environment. Moreover, currently thousands of dyes are commercially available for leather
dyeing. Dyeing wastewater contain plenty of dyes which pollutes surface water along with
significant troubles to the whole aquatic environment. In Bangladesh, most of the tanneries

and other industries are located near the bank of the rivers. Unfortunately, industrial unit load



effluents into the environment with partial treatment or without treatment which cause severe

pollution to surface water.
1.3. Objectives of the study:

The main purpose of the study is to assess surface water pollution and to explore the
possibilities of using different agro wastes as adsorbents to remove Cr(Ill) and leather dyes.
To accomplish the general objectives, the work comprised in the thesis has been structured

according to the following specific objectives:

a) Specific objectives concerning assessment of surface water pollution at the vicinity
area of tannery:

e Four river, Dhaleshwari, Buriganga, Bhairab and Karnaphuli water samples
were collected to assess few important physicochemical parameters along with
heavy metal concentration to understand the present pollution load of the
surface water.

b) Specific objectives regarding Cr(III) adsorption process using chemically treated
activated pyrolyzed peanut shell (PNS), chemically activated peanut shell (NS) and
chemically activated pyrolyzed bagasse (PB):

e Optimization of the preparation method of chemically activated pyrolyzed and
natural adsorbents.

e Characterization of the prepared PNS, NS and PB.

e Study of the adsorption capacity of prepared PNS, NS and PB using Cr-salt.

e Study of the regeneration process of PNS, NS and PB.

e Application of the PNS, NS and PB adsorbents on tannery effluents.

c) Specific objectives relating to leather dye adsorption process using potato peel
powder (PP):

e Preparation of the adsorbent, PP.

e Characterization of the prepared PP.

e Study of the adsorption capacity of prepared PP to remove C.I.Acid Red 73
leather dye from tannery effluents.

e Study of the regeneration process of PP.

e Application of the PP as adsorbent on dye contaminated tannery effluents.



1.4. Thesis outlines
This document is divided into five chapters-

Chapter 1 contains background of the study, problem statement, objective of the study and

thesis outlines.

Chapter 2 provides literature review of studies conducted by other researchers and to which
this study has been referred. It includes background on the theory of the topics involve, as
well as information on their usage and applications. This chapter emphasizes the benefits of
employing adsorption process and low-cost materials in terms of cost, time and efficiency

and demonstrates the applications of using it on wastewater.

Chapter 3 comprises a description of the methodology employed to achieve the objectives of
the thesis. It focuses over the experiments that were carried out. It includes procedures,
methods, equipment, apparatus and other significant information that were used to

accomplish the experiments.

Chapter 4 describes the results that were attained during the experiments. It analyses the
obtained results of different water quality parameter, represents favorable and unfavorable
conditions for the best experiment results. The chapter also features on obtaining best
possible conditions for the most efficient adsorption as well as to find out the fitness of

experimental data with different Isotherm and Kinetics.

Finally, Chapter 5 attributes a conclusion to the thesis. It illuminates the outcomes that were

obtained from the research followed by the references.

1.5. Review of literature
1.5.1. A brief description on leather manufacture

Leather manufacture involves a series of chemical processes and operations from
preservation to finishing with the goal of transforming quickly degradable, highly putrescible
raw hides and skins into stable and nonputrescible leather. Although different tanneries use
different methods, there are some common processes in leather making. The main operations
in leather making process are beam house processes, tanning, post-tanning and finishing.

Each operation comprises a number of sub operations as describe bellow:



1.5.1.1. Beam house processes

1.5.1.1.1. Soaking- Soaking is the first beam house process. Hides and skins are soaked and
washed in slightly alkaline condition with wetting agents to take out dirt and surplus salt and

to restore the hide condition, as soon as it was slaughtered.

1.5.1.1.2. Green fleshing- The washed hides are placed over a beam and is scrubbed to

remove any remaining flesh and is washed again.

Wet salted Hide or Skins

A 4

l Soaking |

A 4

Green Fleshing

\ 4
Liming ]
b

Unhairing and Scudding J

4

Deliming

A 4

Bating

A 4

Pickling

2

Pelt ready for tanning

Scheme 1.1 Sequence of typical operations in the beam house.



1.5.1.1.3. Liming- Liming is done to loosen epidermis, adipose tissue and hair before tanning.
Suspensions of calcium hydroxide, along with sharpening agents such as sodium sulphide,
sodium hydrosulphide or dimethylamine, are added which speed up the liming process to

remove hair.

1.5.1.1.4. Unhairing and Scudding- The remaining hair if any are removed by scrapping
loosen hair from grain side. Scudding or squeezing of the lime pelt is carried out

mechanically to press out partially degraded proteins, fats, hair roots etc.

1.5.1.1.5. Deliming- Limed pelt are then washed with various weak acids or buffer salts and
water to reduce pH of the pelt from about 11.5 to about 8.5. Conventionally ammonium

sulphate, ammonium chloride, sodium bisulphite, boric acid and lactic acid are widely used.

1.5.1.1.6. Bating- Bating is done by using specific types of enzymes to remove all residuals,
partially degrade proteins and interfibrillary materials from the pelt for cleaning the fibers to

receive the tanning agents readily and produce the desired properties to the finished leather.

1.5.1.1.7. Pickling- Pickling is the final operation prior to tanning is conducted to adjust the
collagen to the condition required by the chrome or other tanning agents. Pickling reduces the
pH of the pelt to between 2.0-2.5 through the action of HCL or H,SO, acid, moreover, NaCl

or Na,SOy 1s added with pickle liquor to reduce swelling.

1.5.1.2. Tanning

In tanning process pelt is converted into leather through chemical cross-links between
adjacent collagen molecules. Conventionally three types of tanning agents are widely used
for leather tanning such as, mineral tanning, vegetable tanning, oil tanning, aldehydic tanning

agents and the syntans.
1.5.1.2.1. Mineral tanning

1.5.1.2.1.1. Chrome tanning- After pickling at lower pH, chromium (III) salts are added to
pickle pelt and for fixation of chromium (III) salts with collagen the pH is slowly increase by
addition of base. In chrome tanning, chromium ions cross-link among free carboxyl groups
covalently in collagen. It makes the leather bacteria defiant and hydrothermally stable.
Chrome salts are stable at pH 2-4, but at higher pH precipitations will take place. This can be

shown the following formulae:
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Scheme 1.2 Structure of basic chromium (III) complex [54]

1.5.1.2.1.2. Aluminum tanning - Aluminum salts, generally potash alum is used for white
gloving leather. This process was known as ‘tawing’. For thousands of years, it has been
employed in the production of leather. It produces semi-aluminum leather when combined
with conventional vegetable tanning. Aluminum (III) is more frequently used in leather
tanning is for coloring because it precipitates as hydroxide, allowing colour to adhere with
oxide. The range of stability is determined on the type of bonding; however, aluminum (III)

is stable at pH 4 and the interaction is significantly more electrostatic.

1.5.1.2.1.3. Titanium tanning- Ti (IV) salts exhibit a comparable affinity towards collagen as
aluminum (IIT) which interacts with collagen carboxyl in a way that is electrovalent rather
than covalent. Moreover, one difference is that Ti (IV) salts have better filling effect resulting

softer leather, due to the polymeric nature.

1.5.1.2.1.4. Zirconium tanning- The chemistry of Zirconium complexes is quite comparable
to Cr(III) rather than Ti (IV), but tanning reaction is electrovalent and yielding slightly higher

shrinkage temperature.

1.5.1.2.1.5. Iron tanning- As iron (III) has oxidizing power, iron (II) is preferred for leather

tanning. The application is limited, because the lack of complexation with collagen carboxyl,
9



and hence iron tanned leather showed lower shrinkage temperature compare to chrome

tanned leather.
1.5.1.2.2. Vegetable tanning

Vegetable tannins are polyphenolic compounds such as hydrolysable that are the products of
pyrogallols and condensed are the derivatives of catechols. Phenolic groups of vegetable
tannin form hydrogen bond with peptide link of the protein chains. Phenolic hydroxyls of
vegetable tannins are capable to react with collagen, at the basic group of side chains and at

the partially charged peptide links through hydrogen bonding.

HO
HO coo
~
j“ oH
| 0
HO C00— CH / 0
| <0
HO (|IH— OOC‘<; CH
HO
CH COOH
HO C00—— CH,

HO
Scheme 1.3 Chebulinic acid (Hydrolysable tannins) [54]
1.5.1.2.3. Oil tanning

Oil tanning is generally performed through in situ oxidation of unsaturated oil, for example
cod liver oil. Though oil tanning resists microbial attack still the shrinkage temperature is not
increased appreciably beyond the value of raw pelt. This tanning method is applied to

produce chamois leather,
1.5.1.2.4. Aldehydes and aldehydic tanning agents

1.5.1.2.4.1. Formaldehyde — Formaldehyde tanning yields white leather with plumpness and
hydrophilicity. The leather making by formaldehyde tanning shows the shrinkage
temperature up to 80°C. Notably, due to toxicity hazard, the limit on the permissible
concentration in the atmosphere of the workplace has obligatory a prohibition on its use as a

reagent for leather production.

1.5.1.2.4.2. Glutaraldehyde —Glutaraldehyde tanned become plumpy and hydrophilic as like

formaldehyde with same shrinkage temperature. On the other hand, the colour is striking,
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with a prominent yellow hue that appears to be fairly orange. Due to the hazardous nature of

glutaraldehyde, its utilization will have to be phased out.
1.5.1.2.5. Syntans

Syntan is the short form of synthetic tanning agents; usually they are aromatic, as hydroxy
and sulfonate derivatives. Syntans are generally used in combination of other tanning agents
to modify their action. Synthetic tanning materials are one of the most important and versatile
leather auxiliaries that are needed for good quality leather. The characteristic of syntan is
depending to the properties of monomeric precursors such as, phenol, toluene, cresol,
naphthol, resorcinol, dihydroxy diphenyl sulfone etc. Syntans can be classified into major
three groups according to their chemical constitution and main application — Auxiliary

syntan, combination syntan and replacement syntan.
1.5.1.3. Basification

The basification processes extend the chrome tanning materials more astringent and quickens
the tanning action. If tanning is incomplete or the pH is below 3.0, then more bicarbonate is
applied to raise final pH to 3.0-3.5. Then wet blue leather is piled in a damp state for 2-3 days

to complete the tanning process
1.5.1.4. Sammying and setting

After tanning, the leather is sammed to remove excess moisture before being processed
mechanically. To stretch out the leather, the setting out process is carried out. Machines
exists which combine the sammying and setting action. After sammying and setting, wet blue

leather is sorted into different grades for further processing.
1.5.1.5. Shaving or splitting

To gain desired thickness shaving is carried out by the shaving machine. In case of thick
pelt, it is splitted into layers of required thickness. The layer having the grain side makes the

quality leather.
1.5.1.6. Trimming

Trimming is the operation of removing unwanted parts (rags or flags) from the wetblue in
order to protect it from damage caused by different machinery during subsequent leather

making operations and to keep the leather in shape.

11
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Scheme 1.4 Sequence of typical operations in the Tanning.
1.5.1.7. Post-tanning:

Post- tanning operation involves neutralization and washing, retanning, dyeing, fat liquoring
and fixation mostly done in a same vessel. To enhance special property such as water vapor
permeability, water resistance, flame retardancy, abrasion resistance, anti-electrostatic etc.
different operations may also be carried out by adding some special chemicals in post-tanning

operation.

1.5.1.7.1. Neutralization - In this operation wet blue leather is brought to suitable pH for the
process of retanning, dyeing and fatliquoring. pH is raised up to 4.8-6.5 using dilute solutions
of mild alkali like, sodium formate, sodium bicarbonate or ammonium bicarbonate, based on

the type of products.

1.5.1.7.2. Retanning- -Retanning with a wide variety of chemicals such as vegetable tanning

agents, syntans, mineral tanning agents gives the required feel and body to the leather and

12



adjust the dyeing properties according to final product or customer demand.

1.5.1.7.3. Dyeing - Dyeing is done in drum with selected water-based acid, basic and direct
dyestuffs to develop appropriate colour to the whole leather surface as fashion market
demand. A variety of dyeing auxiliaries, syntans or surface-active agents are generally

applied to enhance the desired evenness and depth of shade.

Wet blue- shaved
s
Washing and Neutralizinging
s
Retanning
s
Dyeing and Fatliquoring
s
Fixing
9

Samming and Setting out

=
Drying

s
Staking

s
Toggling

.

Crust Leather

Scheme 1.5 Sequence of typical operations in post tanning.

1.5.1.7.4. Fatliquoring- Fatliquoring restores the fat content that was previously removed
during beam house operations from naturally occurs raw hides and skins. The fat liquor
utilized might be of animal or vegetable origin or it could be made synthetically using
mineral oil. This method restricts the fibers to stick together and brittleness when the leather

dried out.

1.5.1.7.5. Fixing - To avoid bleeding of the dyes and fat liquors, the retanned, dyed and fat
liquored leather is frequently fixed with formic aid and washed before being piled to allow

the fatty matters to migrate into the inside of the leather.

1.5.1.7.6. Drying -The leather is then hanged on racks in a drying room with warm air to

remove moisture.
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1.5.1.7.7. Staking - The leather is made soft and pliable by working mechanically in all
direction over a hard-edge slating of creases. Staking machine could be jaw-type or vibration

staking.

1.5.1.7.8. Toggling - The leather is stretched out to full size on the toggle frame and clamps

until thoroughly dry. After drying leather is known as crust which is saleable product.
1.5.1.8. Finishing

Finishing is the most important and last operation in leather processing. The overall aim of
finishing is to improve the aesthetic value of the final leather. It also provides the required
attributes in terms of colour, gloss, adhesion, fastness to light, heat and perspiration, water
vapour permeability and water resistance as needed for the final application. The leather
finishing techniques and the composition of different finishing seasons are changing

gradually with the development of science and technology in different industrial fields.

1.5.1.8.1. Staining coat- This coat is generally containing anionic dye and dye penetrating
agent. If the depth and brilliance of colour is to be improved then one more coat is applied

with cationic dye solution.

Crust leather

v
Plate

¥
Staining Coat

v
Base Coat

v
Top coat

v
Finished leather

Scheme 1.6 Sequence of typical operations in leather finishing

1.5.1.8.2. Base coat-The base coat has traditionally been applied by padding, either by hand
or machine. This coat contains casein and pigment which is much heavier, but depends on the
type of end products. Base coat incorporates good flexing resistance, good adhesion, better

scuff resistance etc.

1.5.1.8.3. Top coat- Top coat are the final coat in the finishing process. Except patent leather

14



the top coat should be sprayed in thin coats. However, to make sure sufficient film formation

they should not be sprayed too dry.
1.5.2. Tannery effluents

A substance that is put into the environment and has a negative impact on the usefulness of
resources is called pollutants. The substance that affects the stability of the natural
environment is known as pollution. In leather production, soaking, liming, deliming, bating,
pickling, tanning, dyeing and fatliquoring are the most water-intensive operations and
wastewater generating process [55-57]. Various chemicals, such as strong acids and alkalis,
surface active agents, wetting agents, basic chromium sulphate, organic and inorganic salts,
vegetable tanning agents, bleaching agents, dye stuff, different fat liquor, syntans, finishing
agents and salts of metal are employed during leather manufacturing [58—-59]. Wastewater
generated from tannery create heavy pollution with high content of salinity, organic and
inorganic matter, dissolve and suspended solids, ammonia, organic nitrogen and specific

pollutants like sulphide, chromium and a range of heavy metal salt residues [60].
1.5.2.1. Physicochemical parameters in tannery effluents

Tannery effluents can alter the physical, chemical and biological properties of aquatic
environments. Other than chromium (Cr), tannery effluents contain some chemical
contaminants, which are primarily caused by salts of Fe, Zn, Cu, Ca, Na and anions such as
sulphate, nitrate, phosphate and parameters such as SS, TDS, BODs, COD, pH, Oil and
grease [61].

1.5.2.1.1. Suspended Solids (SS) — The quantity of insoluble matter present in the wastewater
is known as suspended solids. The insoluble materials cause different troubles when
discharged from tannery; generally, they are made up of solids with two distinct properties
such as- settle able solids and semi-colloidal solids. Settleable solids generate from all stages
in beam house process with fine protein particles, residues from various chemicals and
reagents which are being discharged from different effluents. Moreover, semi- colloidal
solids are very fine solids, will not settle down in effluent for a considerable period of time.
These are generally protein residues mostly produced from liming, vegetable tanning and
retanning processes which will not directly cause sludge crisis. It takes a while for bacterial

digestion to break them down and eventually settle.
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Scheme 1.7 Flow chart of tannery operations and environmental impact

1.5.2.1.2. Total dissolved solids (TDS) - TDS is the amount of all organic and inorganic
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materials dissolved in wastewater; basically, it is everything present in water other than pure
water and suspended solids. In the case of tannery wastewater, the major pertinent

components are sulphates and chlorides.

1.5.2.1.3. Electrical conductivity (EC) - EC measures how well the liquid carries the electric
current through it. When water is subjected to pollution, contamination due to metal ions

increases the level of EC.

1.5.2.1.4. Biochemical Oxygen Demand (BODs) - BODs is the amount of dissolve oxygen
consumed by microorganisms to breakdown the organic materials in the wastewater over a 5-
day period at 20°C. Many of tannery effluents take longer time to breakdown; usually,
vegetable tanning wastewater, which is frequently stated to be up to 20 days. Moreover,
chemicals, like retanning agents, fat liquors, dyes and residuals of keratinous substances need
longer digestion period. This lengthy breakdown time indicates that, ecological impact is
spread over as the wastewater components are carried greater distance before they broken

down.

1.5.2.1.5. Chemical Oxygen Demand (COD) - COD is an indicator of water quality, which
measures the amount of oxygen required to oxidize all of organic and inorganic compounds
in a wastewater. Practically, COD value is influenced by the chemicals employed in various

leather manufacturing processes and their biodegradability.

1.5.2.1.6. Nitrogen (N) — Numerous compounds in wastewater hold nitrogen as a part of their
chemical structure. The important prevalent chemicals are ammonia generated by deliming

agents and proteinaceous substances from liming process are the major sources of nitrogen.

1.5.2.1.7. Sulphides (S*) — The main sources of sulfide level in tannery effluents are the

usages of Na,S, NaHS and dissolved hair during liming.

1.5.2.1.8. Neutral salts (Chlorides, CI" and sulphates, SO42') - Generally huge amount of
common salt are used to preserve raw hides and skins or in pickling process, which
introduces sodium chloride into the system. They continue as a burden on the environment
since they are extremely soluble and persistent which are unaffected by effluent management
or nature. Moreover, sulphates are generating from H,SO,4 or produce from the chemicals
contain huge sulphate content. For instance, chrome tanning powder and several synthetic

retanning agents both hold high level of sulphate.

1.5.2.1.9. pH - The standard pH value of industrial effluent is 6-9, and 6.5-8.5 according to
DoE (1997) [62] and ECR (1997) [63], respectively. If the surface water pH deviates too far
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from the recommended pH value, aquatic ecosystems (fish and plant life) may be at risk of

losing their sustainability.

1.5.2.1.10. Oil and grease — During beam house operations, natural oil and grease are
liberated from the hide or skin. However, due to poor uptake of synthetic fat liquor in fat
liquoring process, some fatty substances may mix up with wastewater. These oil, grease and
fatty maters agglomerate to form floated layer, which then bind other materials and create

blockage problem particularly in effluent treatment plant.
1.5.2.2. Heavy metals

Heavy metals are the naturally occurring elements with their atomic number >20 and the
density is higher than 5.0 g/cm3 [64,65]. Heavy metals/metalloids viz. chromium, copper,
zinc, arsenic, cadmium, mercury and lead are the major pollutants of water which can
originate from both, natural (geologic parent material or rock outcropping) and anthropogenic
such as agricultural sources, atmospheric deposition and industrial sources. These heavy
metals are non-biodegradable, exist in the environment for long time and have tendency to
enter in to the living tissue which causes serious damage to health like decrease body growth,
harm of nervous system, different organ injure, cancer, as well as death at low concentrations
[66—68]. Maximum contaminant level (MCL) for heavy metals established by USEPA are
shown in table-1.1 [66].

Table 1.1 Maximum contaminant level (MCL) established by USEPA

Heavy metals MCL (mg/L)
Arsenic 0.050
Cadmium 0.01
Chromium 0.05

Copper 0.25

Nickel 0.20

Zinc 0.80

Lead 0.006
Mercury 0.00003
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Scheme 1.8 Flow chart of tannery operations and pollutants [16]
1.5.2.2.1. Chromium

Chromium is the first-series transition element of group of VIB of periodic table which
symbol is Cr. The name of the element chromium derived from the Greek word chroma,
meaning colour, as many of its compounds brightly coloured. It is silvery-gray, hard, brittle
and lustrous metal which takes a high polish, resists tarnishing with melting point at 1907°C,
boiling point at 2672°C and density of 7.19 g/cm® at 20°C [69]. Chromium is the 21* most
plentiful mineral in the Earth’s crust almost 100-140 mg/kg [70,71].

General use of chromium and its salts are in leather tanning, pigment and paint, fungicides,
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ceramic and glass industry, photography, catalysts manufacturing, chrome alloy and
chromium metal production, chrome plating and in corrosion control. It can subsist in
oxidation states of +2 to +6, but the most prevalent forms are 0, +2, +3 and +6 [72]. Three
oxidation states are - Cr(0) which occurs as metallic form, Cr(IIl) as chromic compounds and
Cr(VI) as soluble CrO42' and Cr2072' compounds found in nature [73]. Pure Cr metal is
extremely prone to combining with oxygen and form a thin defensive oxide surface coat
which protects underlying metal from oxidation [71, 74]. The valency state of chromium and
its compounds, affects the properties of chromium, which define its toxicity and
environmental impact. Only hexavalent chromium compounds are biologically active and
known to be skin irritants, mutagenic and carcinogenic, but these hazardous properties do not
exist in trivalent compounds or metallic chromium [75-77]. Hexavalent chromium is 1,000
times more hazardous compare to Cr(IIl), because of its higher water solubility and mobility
[78,79]. However, high concentration of chromium (III) ions can affect remarkably on the

ecosystem [80—81].
1.5.2.2.1.1. Chromium(III)

Chromium is present in the environment naturally as trivalent chromium. The uses of Cr(III)
are - leather tanning, dye manufacturing, wood preserving, making alloys and brick lining for
high temperature industrial furnaces. Trace amounts of Cr(Ill) is required as essential
micronutrients to metabolize carbohydrate, proteins and fat properly in mammals and it is a

co-factor for insulin action [82,83].

Different nonmetals, such as oxygen, chlorine, fluorine etc. and polyatomic anions like
nitrate, sulfate, etc., can be combined with chromium to generate compounds, most of them

are intensely colored.

In aqueous systems, Cr(III) can be present as Cr'" Cr(OH)**, Cr(OH),*, and Cr(OH)4. In
addition, the precipitated phase Cr(OH); predominates between pH 6 and 12 [82]. Cr(IlI)
generally forms soluble Cr’* in the pH range O to 8 and in the Eh range from approximately-
0.4 to 1.2 V. At pH greater than 4 to 7.5, Cr’* dissolves to form soluble Cr(IIl) hydroxide
cation and at a pH approximately 8.0, insoluble and amorphous Cr(OH); forms, on the other
hand at extreme reducing conditions, above pH 12.0 and below Eh 0.0, Cr** forms soluble

anions which are shown in the following reactions [84,85]:
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Cr’"+H,0 === CrOH*"+H"
Cr(OH)," +H"

CrOH?" + H,0

Cr(OH)," + H,0 Cr(OH); + H”

Cr(OH); +H,0 Cr(OH),” +H"

Trivalent chromium is mainly originated in the tannery wastewater from the chrome tanning,
retanning and dyeing processes in soluble form. After mixing with other tannery wastewater,
chromium precipitates mainly as protein-chrome, which generates sludge. If discharged

wastewater contains high chrome content then they might remain in the solution.
1.5.2.2.1.2. Chromium(VI)

Cr (VI) species primarily occur under oxidizing (Eh > 0) and alkaline conditions (pH > 6.0).
In this condition Cr (VI) usually forms soluble chromate (CrO42‘), hydrogen chromate
(HCrOy), or (Cr,0;>) anions depending on the concentration and acidity. Above 6.5 pH,
CrO,” ions is the prevailing species, whereas at pH below 6.5, HCrO,4 ions dominates at

lower concentrations (<0.03 mol/L).
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Figure 1.1 Eh-pH illustration of Cr-O-H,O system [73].

Tannery effluents are likely to contain chromium in this form, and dichromates are toxic to

fish life since they promptly penetrate through cell walls.
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1.5.2.2.2. Nickel (Ni)

Nickel is a silvery-white, firm, pliable and ductile metal with melting point at 1453°C and
density of 8.91 g/cm3 at 20°C. The most frequent oxidation state of nickel is +2, that forms
compounds among anions like, carbonate, hydroxide, sulphide, sulfate, carboxylates and
halides. It is mainly used to form alloys, metal finishing, batteries manufacturing, welding, as
a catalyst and in the glass and ceramics industries [86]. Nickel is essential in little amount,
however excess intake can lead to serious problems in lungs, kidneys, gastrointestinal

distress, pulmonary fibrosis, and skin dermatitis [87].
1.5.2.2.3. Copper (Cu)

Copper is a ductile metal with very high electrical conductivity (59.6 x 10° S/m), melting
point at about 1083°C and density of 8.93 g/cm3 at 20°C. Other than small amount of metallic
copper, copper can form a enormous range of compounds with oxidation states +1 and +2,
either binary compounds (oxide, sulphide and halide) or coordination complexes with ligands
(oxyanions complexes and organocopper complexes) [88]. Copper is extensively used in
industrial processes (leather and textile dyeing, petroleum, paper, copper/brass-plating and
rayon manufacturing) and as fungicides [89,90]. As a result copper is massively present in
wastewater mainly in soluble form as Cu(Il), that can cross the food chain through
bioaccumulation It is micronutrient for metabolism of human body but excess dosage may
generate stomach and intestinal chaos, anemia, kidney and liver harm, thus carry severe

toxicological concerns, even death [91,92].
1.5.2.2.4. Cadmium (Cd)

Cd is soft, ductile, malleable, bluish-white divalent metal with low melting point 321°C and
density of 8.65 g/cm3 at 20°C. The main oxidation state of cadmium is +2, which occurs as a
small component with zinc ores and hence it is a byproduct of zinc production. Cadmium is
broadly used in battery production, pigment industry and for corrosion resistant plating.
Excess exposure of Cd results in kidney dysfunction, carcinogenic and even causes of death

[39, 93].
1.5.2.2.5. Lead (Pb)

Lead is a volatile, soft, supple and silvery metal which melting point is 327°C and density of
11.34 g/cm® at 20°C which is the heaviest non-radioactive element among all of the stable
element. Pb occurs in 0 and +2 oxidation states, but more common and reactive form of lead

is Pb (II). General use of lead is as pigment, ceramics glazers, building materials, water pipes,
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ammunition, paints, acid storage batteries, cosmetics (lipsticks, powder, mascara, etc.). Since,
its ample appliance, humans are exposed to lead and have daily ingestion by food, drink and

by breathing [94,95].
1.5.2.3. Leather Dyes

The coloured substances which have the affinity to the substrate e.g., leather, textile, papers
and other materials are known as dye. The colour of the dye depends on the nature of
chromophoric, auxochromic, bathochromic and hypsochromic groups. Some of the most
significant chromophoric groups are azo (-N=N-), thio (>C=S), carbonyl (>C=0), nitroso (-
N=0), azomethine (-CH=N-) and ethenyl (>C=C<) [96]. Leather dyes can be classified in
relation to their chemical properties, extraction sources and usage. On the basis of chemical

properties dyes can be —

1.5.2.3.1. Acid dyes— These dyes are metallic salts of organic-coloured acids containing
sulfonic, nitro, nitroso, azo, triphenylmethane and carboxyl groups. They are dissolved in
both water and alcoholic media and have attraction for amphoteric fibres and used for leather,

nylon, paper, wool dyeing etc.

1.5.2.3.2. Basic dyes— these dyes are mainly chlorides or hydrochlorides derivatives
(triarylmethane, cyanine, hemicyanine, diazahemicyanine, thiazine, oxazine, acridine) that
impart colour to the substrate. These dyes are also water soluble and produce coloured

cations in solutions which are mostly used in papers, pharmaceuticals and modified fibres.

1.5.2.3.3. Disperse dyes— These are significantly insoluble nonionic dyes which are being
used for synthetic fibres such as nylon, acrylic, cellulose, cellulose acetate, polyester fiber

dying.

1.5.2.3.4. Direct dyes— This type of dyes is polyazo compounds which are water soluble
anionic dyes and show high affinity for cellulosic fibres in aqueous solution. These dyes are

mainly used for dyeing of rayon, leather, paper, nylon etc.

1.5.2.3.5. Reactive dyes— These dyes impart brighter colour and usually used in cotton and

other cellulosic fibers dyeing along with nylon and wool.

1.5.2.3.6. Solvent dyes— These dyes are normally nonpolar and hence insoluble in water,
however soluble in solvent and are applied for plastics, lubricants, petrol, oils along with

waxes.

1.5.2.3.7. Sulphur dyes— The dyestuffs of this group contain sulphur and dissolve in the
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presence sodium sulphide and alkali and possess good washing fastness. In leather industry
these dyes are mainly used in chamois leather dyeing which can be washed with soap and

alkali.

There are 100,000 different dyes are commercially produced and 1.6 million tons of dyes are
used in every year, among them 70% are azo dyes which is complex and harmful to the
environment and mutagen [20, 97]. Leather and textile industry are two veteran consumers of
dyes. Recently a major source of chromium and colour discharge into the surface water due
to the incomplete exhaustion of chrome tanning, retanning agents and dyestuffs and is

urgently needed to reduce the amount of chromium, residual dyes along with other pollutants.
1.5.3. Remediation techniques for pollution abatement of tannery effluents

At the earlier stages of modern industrialization, wastewater treatment started through some
physical treatment like sedimentation, equalization to retain pH, reduction of TDS and TSS.
Due to emergent situation various treatment processes has been incorporated to control the

pollution level of industrial effluents.

Numerous researches have been investigated by many researchers on the treatment of
tannery effluents for the remedy of high chromium and dye concentration. Sedimentation,
chemical precipitation and electro-precipitation method, flocculation-coagulation, membrane
filtration, oxidation, ion exchange process, liquid-liquid extraction, phytoremediation,
infiltration percolation, and photocatalysis are some of the most popular techniques to
remove chromium and dye from wastewater. The familiar methodologies used for the

treatment of wastewater are discussed briefly-

1.5.3.1. Sedimentation: Sedimentation is a basic primary method for the abatement of
pollution from wastewater. In this process suspended particles are separated from effluents by
gravity settling. The wastewater remain with less velocity, hence particle in suspension stay

stable in inert conditions and settle down by gravitational force [98,99].

1.5.3.2. Chemical Precipitation: Owing to the ease and cost effectiveness, chemical
precipitation is recognized as one of the established technologies to remove toxic metals and
pollutants from wastewater. The tiny suspended particles in the solution are made larger by
the precipitating agent mainly hydroxide precipitant so that they can settle insoluble
precipitates which are then removed from the solution by filtering or other suitable
techniques [100-102]. The mechanism of chemical precipitation is shown by the following

reaction-
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M2+ + 2(OH)~ <> M(OH), ! (2.1)

where, M** and OH" are the metal ions and the precipitants, respectively, and M(OH); is the

metal hydroxide.

1.5.3.3. Coagulation and flocculation: Coagulation and flocculation is very effective
physicochemical method to remove heavy metal [103]. In this technique very small particles
and colloids agglomerate into bigger particles, which help to reduces turbidity, natural
organic matters, and other pollutants from wastewater [104]. Initially colloids are destabilized
by neutralizing the forces and remain separated in coagulation, whereas, flocculation is the
agglomeration of destabilized particles [102]. Coagulants such as, aluminium sulfate, ferric
sulfate, polyaluminum chloride, polymeric ferric sulfate, and polyacrylamide are mostly used
[105—-106]. The major deficiency is the concentrated sludge that produced in massive [107]

and may not so useful to azo, acid and basic dyes [108].

1.5.3.4. Membrane filtration: Since membrane filtration can remove suspended solid,
organic and inorganic pollutants like heavy metals, it has drawn a significant consideration
for inorganic effluents. Various forms of membrane filtration, including microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO), can be used to take out
toxic metals and pollutants from industrial effluents according to the dimension of the
particle that can be retained. The pore size of MF membrane cover a range of 0.05 to 10um
and 0.1 to 2 bar pressure whereas UF membrane pore size is 1 to 100 nm and operative
pressure is 1 to 5 bar [109—111]. RO membranes are less porous 0.001 to 0.003 micron and
operate with 10 to 20 bar pressure and NF filtration (pore size about to 0.0005 micron) can

remove most of the inorganic and organic pollutants from wastewater [112—116].

1.5.3.5. Electrodialysis (ED): ED is another membrane process, where an electric field is
used as driving force to separate the metal ions across charged membranes from one solution
to other, where the anion migrate toward the anode and the cation toward the cathode,

passage the anion-exchange and cation-exchanged membrane [66].

1.5.3.6. Oxidation: Oxidizing agents viz. chlorine, hydrogen peroxide, fenton’s reagents,
ozone is widely applied for the treatment of primarily treated wastewater. Oxidation is more
popular method for the removal of pollutants as it needs very less quantity of oxidants and
short reaction time. Chlorine is used as calcium hypochlorite and sodium hypochlorite for
oxidation of dyes. Different dyes as for example acid, direct, reactive and metal complex

dyes are readily decolorized by this process, however pH and catalyst have a crucial role in
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this process. Dyes containing amino or substituted amino groups on a naphthalene ring are
mainly prone to chlorine and decolorized more simply compare to other dyes [117]. Various
metals for instance Fe, Cu, Ni and Cr are generated during decomposition of metal complex
dye, which act as a catalyst and enhance decolourization process. Hydrogen peroxide (H,O,)
has strong oxidizing and bleaching properties and applied for making peroxidase enzymes,
that are used to remove dyes from wastewater. Moreover, ozonation is done by ozone
produced from oxygen and showed very fruitful result to remove organic and inorganic

pollutants [118].

Fenton’s reagent is a mixture of hydrogen peroxide and an iron catalyst, which has more
oxidizing power compare to hydrogen peroxide. It shows very attractive results to remove
pollutants from industrial effluents. The process is too much pH dependent, which generate

huge sludge also take longer time [119,120].

1.5.3.7. Ion exchange: Ion-exchange process is based on reversible substitution of ions from
liquid to a solid matrix [113], and liberate new ions of a separate category but with same
charge. The method is physical separation processes in which an insoluble matter (resin)
takes ions from an electrolytic solution and releases chemically equivalent other ions without
undergoing any chemical change [121]. Natural zeolites and silicate minerals are extensively
used to reduce metal ions from effluents as because of easy availability and low cost.
Moreover, synthetic resins are frequently used as they can almost entirely remove metal ions
from solutions like high acidic resin with -SOsH groups and mild acid resin with —-COOH
groups [122]. Moreover, a starch-based polymer was develop to remove various dye from

wastewater [123].

1.5.3.8. Biological treatment: Biological treatment is widely used removal technique applied
for metal ion removal and decolouration of wastewater [124] as the process are cost effective
and produce non-toxic end products. The process could be aerobic (in existence of O,),
anaerobic (in absence of O,) or could be in combination of both. Microorganism such as,
bacteria, fungi and yeast are commonly practiced to treat wastewater. Metal bearing bacteria
like, Bacillus cereus [125] Pseudomonas aeruginosa [126] Escherichia coli [127] have

possessed very remarkable biosorption performance to metal ions.

1.5.3.9. Adsorption: Adsorption is an effective purification and separation technique used
for the reduction of pollution of industrial effluents [128]. The attachment of particles to the
surface is known as adsorption. During adsorption various ions, atoms or molecules transfer
from liquid to solid phase [129].
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Figure 1.2 Monolayer and Multilayer Adsorption Process.

The substance that adsorbs is the adsorbate; the material on which adsorbate attach is
adsorbent and desorption is the reverse process of adsorption [130]. The adsorption of
pollutants on solids is because of increased free surface energy of the solids due to huge
surface area [131]. Adsorption can be classified into the following categories on the bond

formation and nature of chemical species that are getting interacted-

a) Physiosorption: Molecules adheres to the adsorbent surface through intermolecular
attraction by Vander Walls or hydrogen bonds, is known as physical adsorption or

physiosorption. Since, the bond nature is weak it could be easily reversible [132].

b) Chemisorption: In chemisorption, the molecules stick to the surface by forming a chemical
bond generally by a covalent bond and coordination. The enthalpy of chemisorption is much
higher than that of physiosorption and is complicated to separate chemisorbed species from

the solid surface.

Adsorption is considered the most convenient, effective and economical technique for toxic
substance removal from industrial wastewater. A brief explanation of different adsorbents,
prepared from graphene and graphene-based materials, low-cost materials such as
agricultural wastes, industrial by-products, natural mineral matters, and activated carbon,
have been prepared and used to mitigate metal ions and coloring materials from effluents are

presented below-
1.5.3.9.1. Graphene and graphene-based adsorbents

In recent year’s graphene and graphene-based adsorbents have gained a lot of attention to
remove heavy metals and dye from industrial effluents. Carbon atoms are organized in a
hexagonal layer arranged one by one to form graphite and the Van der Waals force acts to
bond two layers together [78]. This special form of carbon is known as graphite which is an
allotropic form of carbon. When a single hexagonal layer is separated from graphite, then
graphene is produced. Graphene oxide, a functionalized version of graphene, can be

synthesized from graphite. Due to huge surface area, graphene-based materials are
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recognized as adsorbents to eradicate toxic metals and dye from wastewater. Many
researchers used different graphene-based materials, to reduce heavy metals and dye, some of

them are described below-

Table 1.2 Adsorption capacity of heavy metal removal by graphene-based adsorbents

Name of the adsorbents Metal | Adsorption Ref.
ions capacity (mg/g)
Graphene oxide polyamidoamine dendrimers Pb(1I) 568.18 [133]
(GO/PAMAMS) Cd(Il) 25381
Cu(ID) 68.68
Mn(II) 18.29
Graphene oxide (GO) Cu(I) 277.77 [134]
Functionalized Graphene oxide (GO-COOH) Cu(II) 357.14
Graphene oxide (GO) Co(II) 21.28 [135]
Graphene oxide (GO) Cr(VI) 1.222 [78]
Magnetic chitosan and graphene oxide-ionic liquid Cr(VI) 143.45 [136]
(MCGO-IL)
Chemically reduces graphene (CRG) 6.32
Annealing reduces graphene (ARG) Cddr) 0.499 [137]
Graphene oxide (GO) 35.7
Graphene oxide (GO) membranes CudD) 72.6
Cddr) 83.8 [138]
Ni(ID) 62.3
Fe3;04/GO/Cu-ZEA As (IID) 50.51 [139]
Sodium Alginate/ Graphene oxide (SA/GO) Mn(II) 18.11 [140]
MnFe,04,@TiO,-rGO Cu(Il) 118.45 [141]
Graphene oxide (GO) aerogel Cudl) 29.59 [142]

28




Table 1.3 Adsorption capacity of dye removal by graphene-based adsorbents

Name of the adsorbents Dyes Adsorption Ref.
capacity (mg/g)

(ARGO)/Fe;04 composite Rhodamine 6G 93.37 [143]

(Organic dye)
Graphene oxide (GO) Basic Red 46 360.0 [144]
Thermally reduced graphene (TRG) Methyl orange (MO) 89.3 [145]
Green reduces Graphene oxide (RGO) | Methylene Blue 276.06 [146]
Magnetic graphene oxide (MGO) Methylene Blue (MB) 64.23

Orange G (0OG) 20.85 [147]
G@Si0,-AR Methylene Blue 272.47 [148]
Graphene oxide (GO) Methylene Blue 71.43 [149]
Fe;04/chitosan/graphene Methylene Blue 49.14 [150]
Fe;0,@GO@SA Methylene Blue 317.0 [151]
1.5.3.9.2. Activated carbon (AC)

Activated carbons are the most common and commercial adsorbents applied for the
abatement of hazardous materials from effluents because of its richness in micropores (< 2
nm) and mesopores (2-50nm) with high surface area and surface reactivity [152,153].
Development of activated carbons is possible by using any carbon containing-organic matters
such as coconut shell, coconut fiber, saw dust, rice husk, banana peel, orange peel, palm
fruits for metal ions sorption [154,155]. Numerous studies were reported in literature to

remove metal ions and dyes by means of activated carbon prepared from various sources

R.V. Hemavathy et al [156] showed the Cu(Il) ions adsorption through Cassia fistula seed
biochar. HCI treated Cassia fistula biochar (HTCF), physically treated Cassia fistula biochar
(PTCF) and H,SOy treated Cassia fistula biochar (STCF) was applied to remove Cu®* ions
from aqueous solution. The effect of a variety of factors viz. pH, dose, temperature, time and

concentration were investigated. It was observed from the data of Cu”* ion adsorption
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isotherm process followed Freundlich isotherm model. The maximum adsorption capacity of

HTCF, PTCF and STCF were achieved 72.9, 115.4, and 303.5 mg/g respectively.

Table 1.4 Adsorption capacity of metal removal by activated carbon-based adsorbents

Metal | Activated carbon/ | qm Parameters Studied Equilibriu | Ref.
Bio-char (mg/g) m Isotherm
Cr(II) | Peanut straw char 0.48 pH, Time, metal ion Langmuir, | [157]
Soyabean straw char | 0.33 concentration Freundlich
Canola straw char 0.28
Rice straw char 0.27
Cr(VID) | Coffiee husk | 98.19% | pH, stirring speed, Langmuir, | [158]
activated carbon adsorbent dosage, metal Freundlich
ion concentration
Cr(VD) | Fruit peel of leechi | 50 Temperature, initial | Langmuir, | [159]
activated carbon Cr(VD concentration, Freundlich,
time , pH D-R
Cu(ll) | Ficus natalensis | 161.29 pH, contact time, | Langmuir, | [160]
fruits(FNF) activated temperature, dosage, Ereundlich
carbon metal ion concentration
Pb(II) 1250
Cr(VI) | Fleshed tannery | 99% pH, adsorbent dosage, | Langmuir, | [161]
waste activated contact time, and metal Ereundlich
carbon (FTWAC) ion concentration
Co(Il) | Activated carbon of | 373-480 | pH, contact time, metal | Langmuir, | [162]
waste potato peel ion concentration and Ereundlich
temperature
Cr Biochar tea waste 68.2% pH, adsorbent dosage, - [163]
(total) time, and metal ion
concentration
Cr(IIT) | Activated carbon | 40.29 temperature, particle size, | Freundlich, | [164]
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fabric cloth (ACF) pH, and adsorbent dosage | Langmuir
Cu(Il) | Olive stones activated | 17.66 pH, and contact time, Langmuir, | [165]
Ca(n carbon 5709 Freundlich,
Pb(II) 147.52 R-P, Sips
Cd(II) | Glebionis coronaria | 57.87 - - [166]
Co(ID) L. activated carbon 4575
Cd(II) | Diplotaxis harra | 31.6 - - [167]
Co(ID) biomass activated 759
carbon
Co(II) | Activated carbon of | 16.20 - Langmuir, | [168]
Ni(ID) olive stones with 2048 Freundlich,
oxygen  containing R-P
Cu(D functional group 34.16
Cd(II) | African palm fruit | 99.23% | Contact time, and - [169]
Cu( activated carbon 96.71% temperature
Ni(ID) 95.34%
Pb(II) 99.51%
Pb{Il) | Tire-derived 322.5 pH, Contact time, and | Langmuir, | [170]
Cu(ID activated carbon 1852 temperature Freundlich,
Zn(1II) 71.9 D-R,
Temkin
Cr(VD) | Activated carbon | 44.05 pH, time, concentration, | Langmuir, | [171]
from date seeds dosage, and temperature Ereundlich
Cr(VD | Activated carbon | 8.92 pH, Contact time, | Langmuir [172]
from adsorbent dosage
polysulfide rubber
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Table 1.5 Adsorption capacity of dye removal by activated carbon-based adsorbents

Dye Activated dm Parameters Equilibrium | Ref.
carbon (AC) (mg/g) Studied Isotherm
Congo Red Date pits | 105 pH, time, Langmuir, [153]
(modified with concentrations, Freundlich,
nitric acid) R-P
Mordant Black- | Fleshed - pH, adsorbent | Langmuir, [161]
11 tannery waste dosage, contact | .. dlich
Red azo dye activated § time, and dye
carbon concentration
(FTWACQ)
Methylene Blue | Potato  plant | 41.6-52.6 | pH, adsorbent | Langmuir, [173]
Malacite green wastes AC 27-33.3 dosage, Ume, | preundlich
concentration and
temperature
DB38 Peanut shell 110.6 pH, time, Langmuir, [174]
RR141 microwave 284.5 Freundlich,
) R-P
pyrolysis
AR 97 Commercial 52.08 Dye concentration, | Langmuir, [175]
AO 61 AC 16049 | ume Freundlich
ABr. 425 222.22
Methylene Blue | El-Maghara 29.50 - Langmuir, [176]
mine coal Freundlich
nano- AC
Methylene Blue | Coconut shell | 166.7 Initial dye | Langmuir, [177]
AC nanofibers concentration
Basic Blue 41 Filamentous 125 pH, time, initial | Langmuir, [178]
algae AC dye concentration, Freundlich
Remazol Pomegranate 370.86 pH, time, initial | Langmuir, [179]
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Bbrilloiant Blue | peel AC dye concentration, | Freundlich,
reactive dye and temperature D-R,
Temkin,
Sips,
Methylene Blue | Black olive | 714 pH, initial dye | Langmuir, [180]
stone AC concentration, and Ereundlich
Green olive | 769 temperature
stone AC
Direct Blue 106 | Pomegranate 54.05 pH, adsorbent | Langmuir, [181]
peel AC dosages, initial dye | Freundlich,
concentration, and | Temkin, D-
temperature R, Harkins-
Jura
Direct Blue 78 AC 76.92 Adsorbent Langmuir, [182]
Direct Red 31 111 dosages, dye | Freundlich,
concentration, and | Temkin
salt effect
Direct Blue 2B Mahgony 518 pH, time, dye | Langmuir, [183]
Direct Green B sawdust AC 3279 concentration Freundlich
Orange G dye Thespesia 9.129 Agitation,  time, | Langmuir, [184]
populnea pods dye concentration, | Freundlich
AC dosage
1.5.3.9.3. Low-cost adsorbents (LCASs)

These adsorbents are readily available in the form of industrial, agricultural, biological and
residential waste or by-products, usable after renewal, effective over a wide range of pH, eco-
friendly and inexpensive [185-187]. Several studies for the development, utilization,
application of LCAs is adopted by many researchers and reported in literature to reduce
pollutants from industrial wastewater. Some of the LCAs used in this purpose are discussed

below-
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X. Huang and co-workers [188] reported that NaOH modified fly ash (NaOH-FA) has good
potential to reduce Pb®* and Cd** from contaminated water. The authors observed that
pseudo-second-order and Langmuir isotherm model were well fitted to explore adsorption
processes, with maximum uptake capacity 126.55 and 56.31 mg/g for Pb** and Cd**in single
arrangement at 298 K respectively. It was also observed that, when NaCl concentrations
increased from O to 0.5 M in single and binary heavy metals, adsorption efficiency of
adsorbent for Cd** decreased from 45.52 mg/g to 21.04 mg/g and 37.86 mg/g to 2.15 mg/g
respectively. However, there was no significant change in the adsorption capacity for Pb(Il)

ether in single or binary solutions.

J. Antti Sirvio and M. Visanko [189] used lignin-rich wood nanofibers, sulfated wood
nanofibers (SWNFs), sulfated sawdust nanofibers (SSDNFs) and sulfated cellulose
nanofibres (SCNFs) to remove Pb** and Cu®*. This study reported the effect of pH (3-5),
heavy metal content (0.24-7.61 mmol/L) and adsorption time (0.5-24h). Adsorption capacity
of SWNFs and SSDNFs were higher than SCNFs for both metals.

Ibrahim Hegazy and co-researchers [190] utilized olive pomace (OP) and seed husk of
moringa (MSH) to remove Fe?* and Mn”* from solution. Batch adsorption studies were
studied with the variation of adsorbent dosage, pH, time, and concentration. The pseudo-
second-order kinetic model was obeyed by the adsorption kinetics of Fe™ and Mn** and the
Langmuir model was better fitted for both adsorbent. The adsorption capacity of OP for Fe**
and Mn>* was 10.406 and 10.460 mg/g and MSH was 10.28 and 11.641 mg/g for Fe** and

Mn** correspondingly.

R.J. Nathan et al. [191] prepared biosorbent beads from banana, orange and potato peels (BP,
OP and PP) and applied for the mitigation of metals from a cocktail mixture containing As’*,
Cd*, Cr®, Cu*?, Hg™, Pb** and Ni*? jons. This study investigated the impact of pH in the
range (6.5-8.5) and results showed a noteworthy increase in the sorption capacity of the beads
in case of As”™*, and Pb** adsorption, while it decreases significantly for Cd**, Cr®*, Cu*?,
Hg”*, and Ni*? ions at higher pH >7. The adsorption capacity of BP beads was found

effective for the concurrent removal of heavy metals from drinking water.

Banana, cucumber and potato peels (BP, CP and PP), respectively have been utilized as
adsorbents to remove cationic (MB) and anionic (OG) dyes from wastewater by A. Stavrinou
and co-investigator [192]. The biosorbents were characterized by ATR-FTIR, BET analysis,
SEM, and XRD to realize adsorption mechanism. The authors observed that the biosorption

of MB on BP and PP followed the Langmuir isotherm, but biosorption on CP obeyed the
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Freundlich isotherm at low concentration and Langmuir model was followed at higher
concentration. However, the biosorption of OG on BP, PP and CP was well fitted with the
Langmuir model. The maximum adsorption capacity for MB was observed to be 211.9, 107.2
and 179.9 mg/g for BP, PP and CP at pH 6 and similarly for OG was experimented to 20.9,
23.6 and 40.5 mg/g at pH 2.

M. Rafatullah et al. [193] explored meranti sawdust to remove Cu”*, Cr’*, Ni** and Pb** ions
from aqueous solutions. Surface morphology was investigated and characterized the
adsorbent by SEM, BET surface area and average pore diameter, and FTIR. The effect of
different factors - contact duration, concentration of metal ions, adsorbent dosage and

temperature were performed. Maximum monolayer adsorption was observed 32.051, 37.878,

35.971 and 34.246 mg/g respectively.

G.F. Colho and co-workers [194] used chemically modified cashew nut shell (Anacardium
occidentale) (CNS) to reduce Cd(II), Pb(II) and Cr(III) from solution. The adsorbent was
characterized by FTIR, SEM, point of zero charge (PZC), thermo gravimetrical (TG) and
porosimetry (BET) analysis. The adsorption kinetics was justified through pseudo-first-order,
pseudo-second-order, Elovoch and intraparticle diffusion, however adsorption isotherm was
linearized by Langmuir, Freundlich and Dubinin-Radushkevich. This study showed the
impact of metal ions concentration, temperature, and desorption on removal efficiency.
Maximum adsorption capacity was reported 47.505 mg/g by NaOH treated CNS for Cd(II),
27.129 mg/g by natural CNS for Pb(Il), and 42.68 mg/g by NaOH treated CNS for Cr(III)

adsorption.

K. Keya et al.[195] reported wheat bran (WB) and modified wheat bran (M-WB) to remove
Cr from aqueous solution. The study investigated the consequence of initial concentration
of metal ions, contact time, and pH. The equilibrium data was very well explained by
Freundlich model. The utmost adsorption capacities of WB and M-WB were 4.53 and 5.28
mg/g at pH 2 and 2.2 respectively.

S. Bamukyaye and W. Wanasolo [196] used egg shell and fish-scale to separate Cr®" from
tannery effluents. The consequences of adsorbent particle size, dosage, pH, contact duration,
and metal concentration on Cr™ removal were investigated. The maximum adsorption
efficiency of egg shell and fish-scale for the separation of Cr® were 10.30 and 27.27 mg/g at
pH 2 respectively.
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H. Rezaei [197] explored Spirulina sp. for the biosorption of Cr® from aqueous solution. The
author found that adsorption ability was increased with higher metal ion concentration. The
impact of agitation duration, metal concentration, temperature, pH, and biomass dosage
were investigated. The highest adsorption capacity of Spirulina sp. for Cr™ was 90.91 mg/g
at pH 5.

S, Gupta and B.V. Babu [198] applied sawdust as adsorbent to lessen Cr® from aqueous
solution. The author utilized fresh sawdust to investigate the effect of metal concentration,
pH, dosage, and contact duration and the maximum adsorption capability was obtained 41.5

mg/g at pH 1.

N. Itankar and Y. patil [199] utilized low cost bio-mass ( modified sawdust) to remove Cr
from industrial wastewater. The outcome of the variation of adsorbent dosage, metal ions
concentration and pH were investigated and the maximum adsorption efficiency was found to

be 15.42 mg/g.

B. Nasernejad et al. [200] used carrot residue (CR) to the biosorption of Cr’* Cu** and Zn**
from industrial effluents. The adsorption isotherm was evaluated by Freundlich and Langmuir
isotherm model. The highest adsorption capacity was acquired to be 45.09, 32.74 and 29.61
mg/g for Cr’* Cu®* and Zn** removal by CR.

E. Guechi and O. Hamdaoui [201] utilized potato peel to investigate Cu”* removal capability
from synthetic aqueous solution under different condition namely adsorbent dosage (0.25-
1.5), pH (2-5), shaking rate (0-800 rpm), temperature (25-55°C), ionic strength (0.25-
5g/400ml), particle size (0.16-1.5mm), and Cu®* concentration (25-300 mg/L). Adsorption
isotherm was evaluated by Langmuir, Freundlich, Temkin and Elovich model and data was
better fitted with both Langmuir and Freundlich model with a highest adsorption capability
84.74 mg/g at 25°C.

R.A K. Rao and F. Rehman [202] was conducted the experiment for adsorption of Cr® using
fruits of Gulur (Ficus glomerata) from synthetic wastewater. Various effect of Cr
adsorption such as temperature, pH, initial Cr®* concentration and duration were investigated.
Moreover, surface morphology and active functional group was also studied by SEM and
FTIR respectively. Adsorption equilibrium data was well fitted with Langmuir isotherm at
50°C and exhaustive capacities were gained 5 and 23.1 mg/g respectively. Adsorption
capacity of Cr®, Cr’* by various adsorbents are shown in table 2.6, table 2.7 respectively, and

adsorptive capacity of dye from various literatures is given in table 2.8.
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Table 1.6 Aptitude of Cr®" removal by various adsorbents

Title of the adsorbent pH Adsorption References
capability (mg/g)

Clarified sludge 26.31

Rice husk ash 25.64

Activated alumina 25.57

Fuller’s earth 3.0 23.58 [203]

Fly ash 23.86

saw dust 20.70

Neem bark 19.60

Treated waste newspaper (TWNP) 3.0 59.88 [204]

Acrylonitrile grafted banana peels 3.0 6.17 [205]

Melaleuca diosmifolia leaf 2.0-10.0 62.50 [206]

Fertilizer industry waste 2.0 15.24 [207]

Alligator weed 1.0 88.11 [208]

Amine-fucntionalized modified rice straw 2.0 15.82 [209]

Raw dolomite 2.0 10.01 [210]

Modified coconut shells 2.0 ~26 [211]

Mixed waste tea 2.0 94.34 [212]

Coffee ground 87.72

Natural cactus (NC) 1.0-2.0 21.19 [213]

Dried cactus (DC) 2.63

Palm oil fuel ash (POFA) 2.0 0.464 [214]

Wastw pomance of olive oil factory 2.0 18.69 [215]

Moringa stenopetala seed powder (MSSP) 2.0 9.709 [216]

Banana peel powder (BPP) 4.0 7.353
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Pistachio hull 2.0 116.3 [217]
Table 1.7 Adsorption ability of Cr’* removal through different adsorbents

Name of the adsorbent pH Capacity (mgg™) References
Potato peel 4.0 38.46 [218]
Illitic clay 4.1 46.44 [219]
Vineyard pruning waste 4.2 12.453 [220]
Green mussel-lignin magnetic nanoparticles | 5.0 44.56 [221]
Spirulina platensis biomass 6.0 30.7 [222]
Egg shell 5.0 200.25 [223]
Powdered marble 434.82

Chitosan flakes 3.8 138.04 [224]
Padina gymnospora residue 6.2 31.52 [225]
Coconut shell fibre activated carbon 5.0 16.10 [164]
Fabric cloth activated carbon 40.29

Passion-fruit shell biomass 3.0 27.93 [226]
Garden grass ~4.0 194 [227]
Cashew nutshell 3.5 13.93 [228]
Dry cow dung powder 3.0 19.31 [229]
Sugarcane pulp residue 5.0 15.85 [230]
Sugarcane biochar 343

Glutaraldehyde treated Cassia fistula 5.0 9541 [231]
Benzene treated Cassia fistula 85.71

Marble waste powder 6.0 148.03 [232]
Sugar industrial waste 5.0 41.20 [233]
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Yellow passion-fruit shell 5.0 85.1 [234]

Jackfruit peel modified by EDTA 4.0-5.0 |41.67 [235]

Cellulose-g-poly(acrulamide-co-sulfonic 6.0 274.69 [236]

acid) polymeric bio-adsorbent

Soybean meal waste 5.0 29.48 [237]

Eucalyptus bark 3.0 0.0262 [238]

EDTA modified attapulgite 3.0 131.37 [239]

Sewage sludge compost biomass 7.0 34.60 [240]

Fish scale waste 5.0 18.34 [241]

Table 1.8 Adsorption capacity of dye removal by various adsorbents

Title of the adsorbent Dye pH Capacity References

(mg/g)

Potato peel waste biomass Acid Bluel13 2.0 11.71 [242]
Acid blackl 3.0 1.79

Potato peel waste Methylene blue 8.0 33.55 [243]

Chromium tanned leather waste | Acid red 357 3.0 148.2 [244]

HCHO treated potato peel (PP) Methylene blue 8.0 47.62 [245]

H,SO, treated potato peel (APP) | Methylene blue 12.0 41.60

HCHO treated neem bark (NB) Methylene blue 4.0 90.91

H,SO, treated neem bark (ANB) | Methylene blue 2.0 1,000.0

Psyllium seed powder Reactive orange | 4.0 206.6 [246]
16

Walnut shell powder Methylene blue 8.0 36.63 [247]

Giant reed Reactive blue 3.0 3.94 [2]
Reactive black 4.0 2.816
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Banana peels (BP) Methylene blue 6.0 211.9

Cucumber peels (CP) 107.2

Potato peels (PP) 179.9

Banana peels (BP) Orange G 2.0 20.9 [192]

Cucumber peels (CP) 23.6

Potato peels (PP) 40.5

Corn stover hydrochar Rhodamine B ~4.0 23.6 -30.7 | [248]

Date seeds Methyl violet dye | 6.5 59.5 [249]

Coconut coir dust Methylene blue 6.0 29.50 [250]

Hazelnut shell Crystal violet 10.0 181.82 [251]

Ageratum conyzoides leaf | Methylene blue 4.0 192.4 [252]

powder

Modified rice bran Reactive blue 4 6.1 185.19 [253]

Walnut shell Malachite green 5.0 90.8 [254]

Jackfruit peel Methylene blue 6.5 285.71 [255]

Rejected tea Methylene blue 4.0-8.0 | 156.0 [256]

Garlic peel Direct Red 12B 2.0 37.96 [257]

Corn stalk Direct Red 23 3.0 51.87 [258]

Wood apple shell Methylene blue 2-10.0 95.2 [259]
Crystal violet 129.87

Magnetite/coir pith supported | Malachite green 7.0 1.66 [260]

alginate beads
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Chapter 2

Materials and Methods
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2.1. Study area

In Bangladesh, about 156 tanneries are situated in the Tannery Industrial Estate, Dhaka
(TIED), Hemayetpur, Savar on the bank of river Dhaleshwari. One tannery established at
Jessore and one at Khulna on the bank of the river Bhairab, and two tanneries are at
Chottogram near the river Karnaphuli. The other two tanneries are situated at Shafipur,
Gazipur and Dhaka Export Processing Zone (DEPZ) and both of them have their own
effluent treatment plant (ETP). Before shifting to TIED during 2017, all tanneries were there
at Hazaribagh, Dhaka very near to the Buriganga river. In this study, water samples had been
collected from Dhaleshwari, Buriganga, Bhairab, and Karnaphuli river to assess the pollution

level of surface water.
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Figure 2.1 Location of a) Dhaleshwari b) Buriganga c) Bhairab and d) Karnaphuli river

According to Bangladesh Tanners Association (BTA), out of 156 tanneries at TIED around

130 tanneries were functional and produced wet blue, crust and finished leather. They

discharged nearly 40,000 cubic meters of effluent per day against which the CETP had a
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treatment capacity of only about 25,000 cubic meters. The tanneries at Chottogram and
Khulna were also discharged effluents (treated and or untreated) to their nearby river, which
tremendously polluted the surface water [13]. According to the local residents, Dhaleshwari
river water had started to deteriorate after shifting of the tanneries at TIED. Besides tanneries
a huge quantity of effluents from other miscellaneous industries also discharged to the river.

During the sample collection there was moderate stream in the rivers.

Figure 2.2 Images of sample collecting area of Dhaleshwari river besides the TIED

2.2. Collection of river water samples

A total of 36 water samples were collected from three points, i.e., meeting point of

discharged effluents from CETP to the river, 200 meter upstream and 200 meters downstream
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of the meeting point of the river Dhaleshwari, Buriganga, Bhairab and Karnaphuli. Water
sample had been collected in three layers from every point, i.e., surface, 50 cm deep and 100
cm deep from the surface. The samples are named as USPs = Upstream point at surface,
USPsy = Upstream point at 50 cm deep, USP ;oo = Upstream point at 100 cm deep, MPs=
Main discharge point at surface, MPsy = Main discharge point at 50 cm deep, MP o0 = Main
discharge point at 100 cm deep, DSPs = Downstream point at surface, DSPsy = Downstream
point at 50 cm deep, DSPo0 = Downstream point at 100 cm deep. Water samples were
collected during October-November 2020 and kept in non-transparent plastic bottles.
Collected samples were carried to the laboratory with proper care and preserved in a
refrigerator to prevent microbial decay of organic and inorganic materials. To assess the
surface water pollution few important physicochemical parameters such as pH, Temperature,
TDS, EC, NaCl content, BOD;, COD along with heavy metal concentration, i.e., Cr, Ni, Cu,

Cd, Pb, etc. were measured.
2.3. Collection of tannery effluent samples

In this study, chrome tanning, dyeing and tannery effluents were collected from a tannery at
TIED, Hemayetpur, Savar Bangladesh. The effluents were collected during July 2021 and
kept in non-transparent plastic bottles [2 liters capacity] and were brought to the laboratory

with proper care.
2.4. Physico-chemical characteristics of river water, tanning and tannery effluents

In this study, pH was measured by HANNA Instrument (model-HI 98107) and mercury
digital thermometer was used to assess the temperature. TDS, EC, and % NaCl of samples
were investigated by HANNA Instrument (model- HI 2300) and BOD was assessed with
HANNA Instrument (model-HI 98193). Moreover, official standard method (DIN 38409)

was followed to determine the COD of the samples.
2.5. Heavy metals analysis of river water, tanning and tannery effluents

Heavy metals (Cr, Ni, Cu, Cd and Pb) of river water samples, tanning and tannery wastewater
were measured by Inductively Coupled Plasma-Mass-Spectrometry, (ICP-MS—7900), Agilent
Technologies International Japan Ltd. model no. - G8403A, through acid digestion.

2.6. Multivariate statistical analysis

In order to find out the correlation among the pollution parameters of studied water samples
from four rivers of Bangladesh, Pearson correlation test were accomplished by using

OriginPro software (OriginLab Corp., USA) version 2018 [261]. Multivariate statistical
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analysis like Principal Component Analysis (PCA) [262] and Hierarchical Cluster Analysis
(HCA) [263] were tested using same software.

2.7. Materials

Chromium (III) sulfate [Cr,(SO4)3.6H,O] as the source of Cr'* was procured from Qualikems
Fine Chem., India. Sulfuric acid (98%) and NaOH were bought from Merck, Germany.
Commercial leather dye C.I. Acid Red 73 (AR73) was collected from a local tannery of
TIED, Savar, Dhaka, Bangladesh. Peanut shells and bagasse were collected from the local
market at Hazaribagh, and potato peel was arranged as kitchen waste from Dhaka,

Bangladesh.
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Figure 2.3 Molecular structure of C.I. Acid Red 73

Molecular formula of C.I. Acid Red 73 is CyHj4N4Na,O;S, and molecular weight is
556.490.

2.8. Development of adsorbents
2.8.1. Preparation of pyrolyzed and chemically activated nut shell (PNS)

Dried peanut shell was pyrolyzed at high temperature and chemically activated with NaOH.

Finally, they were baked in an oven.

2.8.2. Preparation of chemically activated nut shell (NS)

Peanut shell was chemically activated with NaOH and baked in oven.
2.8.3. Preparation of pyrolyzed and chemically activated bagasse (PB)

Dried bagasse was pyrolyzed at high temperature and chemically activated with NaOH, followed

by baking in oven.
2.8.4. Preparation of potato peel powder (PP)
Collected potato peel was washed, dried and grinded.
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2.9. Characterization of PNS, NS, PB and PP

Fourier Transformed Infrared (FT-IR) Spectrophotometer (8400S Shimadzu, Japan) was
utilized to study the chemical structure of PNS, NS, PB, and PP. The morphology and surface
structure of PNS, NS, PB and PP were studied with Scanning Electron Microscope, SEM
(JSM-6490LA, JEOL, USA) The Brunauer-Emmett-Teller (BET) surface area, pore volume,
and pore size distribution of PNS, NS, PB and PP were analyzed with BET sorptometer
(model no. BET-201-A, PMI, USA). X-ray diffraction of PNS, NS, PB and PP were
performed on Multipurpose X-ray diffraction system (Ultima IV) with Cu Ka radiation
(A=0.154 nm, 40 kV, 1.64 mA) in the range 05-100° to signify the crystallinity of the
adsorbents. Zeta potential values of PNS, NS, PB and PP at a range of pH were assessed by

Malvern Zetasizer Nano-ZS analyzer.
2.10. Adsorption study

By dissolving a specific amount of Cry(SO,);.6H,0 in deionized water, a stock-solution was
prepared and the required solutions were then arranged by dilution with deionized water.
Initial concentration of [Cr(SO4);.6H,0] solutions (32.06, 69.19, 135.43, 187.57, 271.74,
301.26, 363.47 mg/L) were determined by ICPMS and developed the calibration curve with
UV-Visible Spectroscopy at 421 nm wavelength [264-266]. The amount of Cr’* before and
after adsorption for adsorbents (PNS, NS, PB and PP) from Cr,(SO4)3.6H,0 solutions were

determined with UV-Visible Spectroscopy by the following calibration curve-

Figure 2.4 (a) Cry(SO4)3.6H,O powder (b) Cry(SO4)3.6H,O solution at different

concentration
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Figure 2.5 (a) UV-Vis spectra of Cry(SO4)3.6H,0 solution and (b) Calibration Curve at 421

nm Wavelength

In this study batch experiments were carried out using a series of conical flasks in an orbital
shaker with 25 mL of [Cry(S0O4);.6H,0] and C.I. Acid Red 73 solution and fixed adsorbent
doses were added to the solutions respectively. Experiments were conducted at different pH,

adsorbent dosage, contact duration, initial Cr(III) and dye concentration, and temperature for
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Cr’* and dye adsorption respectively. Every batch experiment was run at a constant speed of
shaker (160 rpm). The samples were filtered with Whattman filter paper and the
concentration of filtrate was examined by UV-Visible spectroscopy. After optimization with
batch experiment, the real samples (chrome tanning and tannery effluent) were analyzed with
developed adsorbent (PNS, NS and PB) to remove Cr’* and dyeing effluents were studied

with PP to lessen leather dye. To compute adsorption capacity following equation was used-

Co—C |4
q=( 0 Wf)x (2.1)

where, q = adsorption capacity

Co= initial concentration of Cr(III) or dye (ppm)
Ci= final concentration of Cr(III) or dye (ppm)

V= volume (L) of the Cry(SO4)3 or dye solution and
W =mass (g) of the adsorbent.

The equilibrium adsorption capacity q. (mg/g) was deliberated by the following equation-

(Co —Ce) XV

ge = —— 22)

where, C.= concentration of Cr'* or dye (ppm) at equilibrium and % of removal was

calculated with the following equation-

(Co — Cp) X 100
Co

% of removal = (2.3)

C= concentration of Cr(III) or dye (ppm) at time, t

In this work, effect of pH on adsorption capacity was determined and was plotted against to
pH. Adsorption capacity was found maximum at pH 5 for Cr,(SO4)3.6H,0 solutions. In case

of anionic leather dye maximum adsorption capability was obtained at lower pH.

To find out the optimum dosage of adsorbent, the adsorption capacity and % of Cr(IlII)
removal were plotted against adsorbents dosage. The point at which the adsorption capacity
and % of removal intersects each other were considered as optimum dosage for Cr(IIl)

removal and similarly optimum dosage for dye removal was also determined.

By using Langmuir model, theoretical utmost adsorption capacity qm(mg/g) were calculated.
For these, the adsorption capacities at different concentration were plotted against different

period of time. When time increases, the adsorption capacity for a given concentration
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increases with it, and after a while, it becomes nearly constant and is considered as
equilibrium adsorption capacity (qe.). The concentrations at which the adsorption capacities

became constant were considered as equilibrium concentration (Ce).

In order to realize the distribution of adsorbate on the adsorbent surface at equilibrium,
experimental data was analyzed through Langmuir and Freundlich isotherm models [267,
268]. The theoretical highest adsorption capacity qm(mg/g) was calculated by plotting C./qe
against C. according to Langmuir model [198, 269]. The linear form of the Langmuir

isotherm is stated as-

Ce_ 1 10 (2.4)
de qmb aqm ¢ .

where, C.= concentration at equilibrium
de = adsorption capacity at equilibrium
Jm = maximum adsorption capacity and
b= Langmuir constant (L/mg)

Separation factor Ry is connected to Langmuir constant b, which represents the dimensionless
equilibrium parameters and is calculated by using equation (5). Ry > 1 indicates unfavorable
monolayer adsorption while 0 < Ry <1 indicates a favorable monolayer adsorption process

[270]

o1
L™ 14+¢cp,b

(2.5)

C,= maximum initial adsorbate concentration.

Freundlich isotherm assumes multilayer adsorption with heterogeneous distribution [268,
271,272]. This isotherm relates the uptake capacity with equilibrium concentration commonly

used isotherm for including adsorbents. This equation is outlined below-
Inq, = Inkg +%lnCe (2.6)

where, kg (L/g) and n are the Freundlich constants, kr suggests multilayer adsorption capacity
of adsorbent associated to bonding energy and 1/n represents adsorption intensity
heterogeneity of the adsorbent sites [273]. The q. is the adsorption capability and C. is the
adsorbate concentration in solution at equilibrium. kr and n are designed from the graph /ng,

vs InC, where, n gives an assumption favorability of adsorption. Since n declines, adsorption
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become more complicated (n=2-10 indicate good adsorption, n=1-2 difficult and n<1 indicate

poor adsorption) [274].

Adsorption kinetics is noteworthy to evaluate the rate and performance of the adsorption
process. In the present study, two kinetics models were utilized to describe adsorption
processes. In 1998, Lagergren presented Pseudo-First-Order rate equation and in 1995 Ho
and Mckay presented Pseudo-Second-Order equation to describe the kinetic process [190].

The linear appearance of Pseudo-First-Order rate equation is-

log(q. — q¢) = logq. (2.7)

- ﬁ ¢

here, . = equilibrium adsorption capacity

q: = adsorption capacity at time, t

k= rate constant of pseudo-first-order kinetics (L/min)
Pseudo-first-order model was gained by plotting log(qe-q;) versus t, where a linear
involvement between log(qe-q;) and t was observed.

The linear shape of Pseudo-Second-Order rate equation is-

c__1 + ! t (2.8)
a k2qe® e '
where, ko= rate constant of Pseudo-Second-Order adsorption (g/mg min).

Pseudo-second-order model was attained via plotting t/q; against time, t.

The change in Gibbs free energy (AG) indicates the assumption about adsorption process.
Since, AG raises with increased temperature indicate physical adsorption and the process is
favorable at low temperature [275]. In this research the changes in Gibbs free energy for

adsorption on adsorbents at various temperature were calculated by equation [276] -
AG = RTInk, (2.9)

where, kg is the distribution constant for the equilibrium sorption, R is the universal gas
constant (8.314J mol'K™) and T is the absolute temperature (K). kg was deliberated by using

equation-

de
=L 2.1
kg C. (2.10)

The average standard enthalpy changes AH and entropy change AS for the adsorption was
designed by van’t Hoff equation-
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—AH AS

lnkd = W + R (211)

Inkq4 versus1/T was plotted to calculate AH and AS.

Regeneration capabilities of adsorbents provide constructive information about adsorption
mechanism and commercial application of an adsorbent. So, in this work, regeneration was

carried out for all the used adsorbents to remove chromium and dye.

To analyze the competence of all adsorbents with real sample (chrome tanning, dyeing and
tannery effluents), the experiment was carried out by diluting the effluent samples, which is

shown by Figure 2.6.

Clear Water

Figure 2.6 Schematic set up of an adsorption process

3.11. Safety precautions

As this research deals with water pollution in tannery effluents, Chromium and dye removal
some precautionary measures were taken while performing the procedure. Proper PPE and
protection were taken while handling the samples. All process was carried out in a hygienic

and safe manner.
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Chapter 3

Results and Discussion
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3.1. Part 1: Assessment of Surface Water Pollution

Analysis of different physico-chemical characteristics including pH, temperature, TDS, EC,
NaCl %, BOD, and COD along with heavy metals of the surface water samples collected
from three layers at three locations of Dhaleshwari, Buriganga, Bhairab, and Karnaphuli river

have been studied and their results are given below.
3.1.1. pH

The pH of the river water samples was shown in the Table 3.1 and it ranged from 7.15 to
7.46 which indicated that Dhaleshwari, Buriganga, Bhairab, and Karnaphuli river water was
near to neutral. According to DoE, and ECR (1997) the standard pH value of river water was
6.5-9.2, and 6.5-8.5 respectively [62-63]. The highest pH was 7.46 in the surface of
Karnaphuli river at upstream point (USPs) and the lowest was 7.15 in the surface of
Buriganga at downstream point (DSPs). The results showed (Table 3.1, Figure 3.1) that the

pH of all samples was within the acceptable limit.

Table 3.1 pH of Dhaleshwari, Buriganga, Bhairab, and Karnaphuli river water samples

Sample  Dhaleshwari Buriganga Bhairab Karnaphuli
USPs 7.25 7.32 7.35 7.45
USPs 7.23 7.28 7.33 7.29
USPi00 7.32 7.3 7.36 7.34
MPg 7.4 7.35 7.41 7.42
MPs 7.39 7.41 7.34 7.28
MP; 7.37 7.38 7.29 7.39
DSPs 7.38 7.15 7.36 7.41
DSPs 7.39 7.3 7.37 7.37
DSPig0 7.36 7.19 7.27 7.39
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Figure 3.1 pH of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water samples
3.1.2. Temperature

The temperature was measured at the site using digital thermometer and it was recorded 26.8
- 28.1°C, 26.9 - 28.2°C, 24.9 - 26.6°C and 23.7 - 25.2°C in the samples of different layer of
Dhaleshwari, Buriganga, Bhairab, and Karnaphuli river respectively. The DoE standard to
uphold the aquatic life is within 20°C -30°C [62]. It was being observed from the Table 3.2,

Figure 3.2 that the temperature of all samples were within the DoE limit.

Table 3.2 Temperature (°C) of Dhaleshwari, Buriganga, Bhairab, and Karnaphuli river water

Sample  Dhaleshwari Buriganga Bhairab Karnaphuli
USPsg 27.4 27.4 26.6 25.1
USPs 27.8 27.9 25.4 24.8

USPig0 27.3 274 249 25

MPsg 28.1 27.7 26.3 25.2
MPs 27.3 27.3 25.1 24.6
MP g0 26.8 27.6 25 23.7
DSPs 27.3 28.2 25.6 25.1
DSPs 27.3 26.9 26.2 24.7

DSPi00 26.9 27.4 249 23.8
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Figure 3.2 Temperature (°C) of Dhaleshwari, Buriganga, Bhairab, and Karnaphuli river

water

3.1.3. Total Dissolved Solids (TDS)

TDS refer to the quantity of organic and inorganic matters that have been dissolved in the
liquid. A higher TDS value than the recommended limit is a sign of water contamination

[277] .The DoE standard limit for TDS is 2100 mg/L.

Table 3.3 TDS (mg/L) value of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water

samples

Sample = Dhaleshwari Buriganga Bhairab Karnaphuli
USPg 127 145.4 868 2246
USPsp 125 141.8 850 2335

USP0 128 146.1 964 1765
MPg 957 188.35 1327 3560
MPs, 601 144.9 1416 3468
MP; 134 145.6 1392 3390
DSPg 167 174.5 1407 2249
DSPs 165 197 1390 2295

DSPio0 166 197.73 1399 2147

55



TDS(mg/L)

Karnaphuli \— 3560
3115
2670
Bhairab
2225
1780
1335
Buriganga
890.0
445.0
Dhaleswari 0.000
S A\ \ Q° o D Q° ) D
$ & O ¥ & ¥ S D
FFS T T

Figure 3.3 TDS value of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water

samples

The results demonstrates that the TDS values of the samples from the river Dhaleshwari,
Buriganga, Bhairab are within the limit whereas Karnaphuli river water samples have crossed
the limit except the sample of USP,oo (Table 3.3, Figure 3.3) which has good agreement with
previous report [6], [61], [278].

3.1.4. Electrical Conductivity (EC)

EC measures how well a liquid carry electric current through it. When water is subjected to
metal ion contamination the level of EC is increased. The DoE standard for EC is 1200 uS/cm
[62]. The experimental data revealed (Table 3.4, Figure 3.4) that all samples of three sites of
Bhairab and Karnaphuli crossed the allowable limit, indicating the poor condition of the river
water which has good agreement with previous research [1] . Moreover, EC of all samples of
Dhaleshwari and Buriganga river water were within the limit except MPg of Dhaleshwari
river which contained the highest EC value 1916 pS/cm and indicated that more metal ions
are present in this layer. This might be due to the tannery wastewater which immediately

mixed up with the water flow and getting diluted.
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Table 3.4 EC (uS/cm) of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water

sample
Sample  Dhaleshwari Buriganga Bhairab Karnaphuli
USPq 254 291.2 1717 1618
USPs 249 283.8 1702 1682
USP109 258 292.7 1929 1950
MPg 1916 384.4 2627 4235
MPs, 734 290 2919 4130
MPg 268 290 2856 3861
DSPg 330 348 2810 2832
DSPs 324 394 2792 2536
DSPoo 329 394 2763 2388
STD 1200 1200 1200 1200
4500
1 * Bl Dhaleshwari
4000 - * @ Buriganga
* > Bhairab
] Y Karnaphuli
3500
3000 - Y
2 2500 4 T T
) )
2
0 2000 - ¥ I
m o
1500 1
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Figure 3.4 EC (uS/cm) of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water
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3.1.5. NaCl %

Salinity refers to dissolved salt content in a water body. Freshwater salinity is usually less
than 0.05% whereas, the average salinity of sea water is 3.5%, though it varies 3.2 to 3.7%

due to rainfall, evaporation, river runoff and ice formation [278,279].

Table 3.5 NaCl% of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water samples

Sample Dhaleshwari  Buriganga Bhairab Karnaphuli

USPsg 0.5 0.6 3.2 3.1
USPs5 0.5 0.6 3.1 3.8
USP 00 0.4 0.6 3.6 4.4
MPg 3.7 0.7 4.8 7.3
MPs 2.4 0.6 54 6.8
MPg 0.5 0.6 5.1 6.7
DSPs 0.7 0.7 5.2 6.8
DSPs 0.6 0.8 5.1 5.8
DSPi 0.7 0.8 54 5.3
NaCl%
7.300
Karnaphuli -
5.920
Bhairab —
- 4.540
Buriganga - 3.160
1.780
Dhaleswari
0.4000
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Figure 3.5 NaCl % of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water samples
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Salinity between 0.1% - 2.5% is known as brackish water; Estuaries where fresh river water
reach salty ocean water is instance of brackish water [281]. It is observed from the result
(Table 3.5, Figure 3.5) that the salinity of Dhaleshwari river water was less compare to other
three rivers, but the lower value of NaCl % was 0.4% and the highest value was 3.7% at main
discharge point (surface), which was far ahead than fresh water salinity. It could be due to the

mixing of different salts from leather processing industries along with other industries.

3.1.6. Biochemical oxygen demand (BOD5)

BOD:s is the measurement of the amount of dissolved oxygen consumed by microorganisms
break down the organic matter in the effluent over a 05-day period at 20°C. DoE, Bangladesh
standard for BODs is 50-250 mg/L [62]. The result showed (Table 3.6, Figure 3.6) that the
range of BODs value was 147-353 mg/L, 65-241 mg/L, 209-274 mg/L. and 253-366 mg/L in
Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water respectively. BODs value of
Buriganga river water samples were within the DoE limit but Karnaphuli river water cross the
limit. Whereas few sample of Dhaleshwari (USPs, MPs, DSP,o0) and Bhairab (USPsy, USP; o,
MPs, MPsy, MP0, DSP;09) having BODs value within the standard limit.

Table 3.6 BODs of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water samples

Sample Dhaleshwari  Buriganga Bhairab Karnaphuli

USPs 226 241 255 271
USPs 258 76 248 253
USPip0 353 197 247 268
MPsg 192 224 209 326
MPs5, 258 227 235 309
MP 00 262 186 247 284
DSPs 319 90 253 366
DSPs 348 78 274 357
DSPig0 147 65 244 317
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Figure 3.6 BODs of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water samples
3.1.7. Chemical oxygen demand (COD)

COD is an indicator of water quality, which measures the quantity of oxygen essential to
oxidize all organic and inorganic compounds in a particular water body. DoE standard for

COD is 200-400 mg/L [62].

Table 3.7 COD value of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water

Sample Dhaleshwari  Buriganga Bhairab Karnaphuli

USPs 2780 2642 2843 3032
USPs 2720 2520 2792 2928
USPip0 2650 2585 2595 2874
MPg 4700 3470 3640 3740
MPs, 3940 3395 4056 3712
MP g0 3850 3287 3884 3667
DSPg 3170 3540 3362 4506
DSPs 2860 3260 3948 4212
DSPipo 2750 3250 2673 4304
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Figure 3.7 COD of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water samples

It has been revealed from the data (Table 3.7, Figure 3.7) that the range of COD value of
Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water samples are 2651-4703 mg/L,
2520-3540 mg/L, 2595-4056 mg/L. and 2847-4506 mg/L accordingly which is very high

compare to DoE standard which indicates more pollution in the water samples.

3.1.8. Heavy metals

Heavy metals for example Cr, Ni, Cu, Cd, and Pb are usually discharged from tanneries. Cr,
Ni, Cu, Cd, and Pb concentration of experimented samples are showed in Table 3.8. The
highest and lowest mean value of Cr concentration was found to be 10.2 mg/L in MP of
Buriganga and 1.65 mg/L in DSP of Dhaleshwari, which has good agreement with previous
data [282]. According to ECR’97 the permissible concentration of Cr, Cd, Cu, Pb, Ni, is
0.5mg/L, is 0.5mg/L, 0.5mg/L, 0.Img/L, 1.0mg/L, respectively. Whereas measured Cr
concentration of all samples was higher than permissible limit. On the other hand, Ni
concentration was not detected in all samples of Bhairab and at DSP of Karnaphuli river
water, but the average concentration of Ni at UPS, MP and DSP of Dhaleshwari river had

crossed the limit.
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Table 3.8 Heavy metal concentration of Dhaleshwari, Buriganga, Bhairab, and Karnaphuli

river water samples

River Sampling Heavy metals concentration (mg/l)
point Cr Ni Cu Cd Pb
USP 1.8240.7 2.80+3.3 1.89+1.7 3.46+x1.0 8.33+£2.9
Dhaleshwari MP 8.64+4.4 0.96x1.0 2.13+0.9 2.48+09 8.59+6.0
DSP 1.65£0.9 0.77#0.3 7.79+£2.0 2.82+1.3 9.03+5.0
USP 3.16x1.7 0.35£0.3 2.354#1.9 3.44+1.3 9.07+2.0
Buriganga MP 10.2+3.4 ND 3.49+3.2 3.40+04 7.84+6.8
DSP 2.87£0.5 0.38+0.7 2.70+0.2 3.43+0.8 17.6+9.4
USP 5.94+0.7 ND 0.74£0.4 0.09+0.1 5.75%1.2
Bhirab MP 7.2540.8 ND 0.62+0.2 2.77£1.2 6.02+1.3
DSP 6.80+£0.9 ND 0.93+0.5 0.06£0.0 5.37+1.2
USPpP 7.67£0.4  0.001£0 0.49+0.0 0.46+0.1 3.12+-.2
Karnaphuli MP 9.63+0.7 0.001£0 0.84+0.1 0.30+0.1 3.48+0.3
DSP 8.94+0.1 ND 1.29+03 0.31+0.0 2.81+0.2
ECR’97 Limit (mg/l) 2.0 1.0 0.5 0.5 0.1

All values were presented as Mean + SD of triplicate measurement. ND = Not detected, USP

= Upstream point; MP = Meeting point; DSP = Downstream point

Besides, the mean concentration of Cu at USP of Karnaphuli was within the standard limit,
while rest mean values of Dhaleshwari, Buriganga, and Bhairab were out of the limit. In
addition, the highest and the lowest Cu concentration was observed 7.79 (mg/L) in DSP of
Dhaleshwari and 0.49 (mg/L) in USP 7.23 (mg/L) of Karnaphuli river water sample
respectively. Heavy metal Cd concentration of the collected samples of Dhaleshwari,
Buriganga and Karnaphuli river water was higher than ECR’97 limit except USP and DSP of
Bhairab river. Moreover, all mean values of collected samples of Dhaleshwari, Buriganga,

Bhairab, and Karnaphuli river water contained more Pb concentration than tolerance limit.
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3.1.9. Correlation analysis

A statistical study was performed to understand the correlation between analyzed metals and

water pollution parameters.

Table 3.9 Correlation Matrix between heavy metals and water pollution parameters of

Dhaleshwari, Buriganga, Bhairab, and Karnaphuli river of Bangladesh

Cr Ni Cu Cd Pb BOD COD TDS EC NaCl pH

Cr 1

Ni -0.572 1

Cu -0.481 0.227 1

Cd -0.490 0.490 0.512 1

Pb -0.594*  0.287 0.435 0.721%=* 1

BOD 0.377 0.057 -0.139 -0.597* -0.864%* 1

COD 0.666* -0.292 -0.224 -0.208 -0.215 0.275 1

TDS 0.618* -0.462 -0.550 -0.776%*  -0.715%%  (0.588* 0445 1

EC 0.600%* -0.505 -0.601*  -0.769**  -0.678* 0.531 0493 0915%* 1

NaCl 0.631* -0.520 -0.614*  -0.807**  -0.716%*  0.579* 0.558  0.921**  0.984** 1

pH 0.668*  -0.389 0.068 -0.435 -0.725%%  0.687*  0.436  0.404 0.376 0.426 1

*Correlation is significant at the 0.05% level (2-tailed)
*# Correlation is significant at the 0.01% level (2-tailed)

Table 3.9 represents the Pearson correlation coefficient matrix for five heavy metals and six
water pollution parameters of four river water samples associated to tannery effluent. These
data revealed a significant correlation between electtric conductivity (EC) and NaCl
(r=0.984), and TDS and NaCl (r=0.921). Again heavy metal Pb and BOD showed strong
negative correlation (r=-0.864). Amog the heavy metals Cd, and Pb resulted significant
correlation (r=0.721) and Cr, and Pb showed strong negative correlation coefficient. In this
study, Ni did not shown any considerable correlation at 0.05% level but COD showed

significant correlation only to Cr(III).
3.1.10 Multivariate statistical analysis

The calculated principal components (PCs) loading, percentage of variance, cumulative
percentage of principal components analysis of heavy metals and parameters of water
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pollution from four river water samples were displayed in Table 3.10. Eigen value>1 showed

three principal components (PCs) representing 83.42% of variance.

Table 3.10 Variance loadings in different principal components (PCs) of heavy metals and

water pollution parameters of studied water.

Parameters PC1 PC2 PC3 PC4 PCS PCeo

Cr(III) 0.311 -0.026 0.403 0.096 -0.471 0.052
Ni -0.217 0.282 -0.418 0.640 -0.063 -0.070
Cu -0.226 0.465 0.273 -0.234 0.602 0.089
Cd -0.330 0.046 0.251 0.305 -0.098 0.790
Pb -0.335 -0.301 0.220 0.106 0.293 -0.252
BOD 0.272 0.516 -0.270 0.165 0.080 -0.067
COD 0.220 -0.045 0.510 0.600 0.239 -0.288
TDS 0.358 -0.120 -0.137 0.029 0.258 0.366
EC 0.360 -0.193 -0.110 0.051 0.299 0.266
NaCl 0.373 -0.162 -0.083 0.075 0.269 0.060
pH 0.255 0.514 0.326 -0.163 -0.157 -0.012
Eigenvalue 6.429 1.481 1.267 0.830 0.549 0.205
% of variance 58.44% 13.46% 11.52%  7.55%  4.99% 1.87%

Cumulative % 58.44% 71.90% 83.42% 90.97%  95.96% 97.82%

In PC1, % NaCl variance load was significant and revealed the salinity influence in tannery
effluent used in curing, and pickling process. As NaCl increased the electrolyte content in
wastewater, electric conductivity (EC) represented second most variance loadings in PCl.
BOD, and pH displayed substantial loading in PC2 with 13.46% variance representing
protenous source of pollution from tannery. In PC3, 11.52% variance mostly influenced by
COD, followed by Ni. By considering only heavy metals in variance loadings Pb and Cd in
PCI1, Cu in PC2, and Ni, Cr in PC3 were prominents pollutants.
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The minimal loadings of Cr(IIl) in PCs of tannery effluents is a good sign revealed proper
treatment before discharging. But the effluents can be mixed with other industrial wastewater
heavily thus reflecting the heavy presence of Pb, Cd, Cu, and Ni as all the sampling spot not

olny comprised with tannery but also other industrial parks.
3.1.11. Principal Component Analysis (PCA)

Score plot of PC1 against PC2 of Dhaleshwari, Buriganga, Bhirab, and Karnaphuli river
water pollution were also presented in Figure 3.8, which revealed that both the Dhaleshwari,
and Buriganga river water displaying negative score in PC1 with nearly simiar values while
the Karnaphuli, and Bhirab river scoring positively in that factor. However, PC2 represented
all the rivers separately where the Buriganga, and Bhirab negativey scored but the

Dhaleshwari, and Karnaphuli showed positive score.
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Figure 3.8 Score plot of PCA of four river water connected to tannery effluents.
3.1.12. Hierarchical cluster analysis

Hierarchical cluster analysis report was showed in Figure 3.9 displaying two clusters of
studied rivers. Dhaleshwari, and Buriganga showed one cluster, while Karnaphuli, and

Bhirab were another. The distance of two cluster revealed that Bhirab and Karnaphuli, rivers
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are more polluted than Dhaleshwari, and Buriganga. A previous study confirmed the
hydrogeological connection between Dhaleshwari, and Buriganga river along with the

pollution flow from previous one to last one [283]
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Figure 3.9 Hierarchical cluster analysis (HCA) of four river water connected to tannery

effluents.

66



3.2. Part 2: Preparation, Characterization and Application of Adsorbents

to Remove Cr(III) From Aqueous Solution and Tannery Effluents .

3.2.1. Chemically Activated Pyrolyzed Peanut Shell (PNS)
3.2.1.1. Preparation of PNS

In a tube furnace, dried peanut shells were pyrolyzed at 500 £10 °C for two hours, and they
were subsequently chemically activated using analytical grade NaOH. Pyrolysis, also referred
to as carbonization, is the process used to make charcoal, which is the chemical
decomposition of the fiber caused by heating in the absence of oxygen [284]. A 25% NaOH
was added with pyrolyzed peanut shell for chemical activation with stirring and left for 24
hours. The following day, the products was washed away by distilled water before being
dried in air oven at 110-115°C. Carbonization process generally enhance the amount of
carbon and create an preliminary porosity and chemical activation is to enlarge pores [285].
Finally, NaOH activated dried pyrolyzed peanut shell (PNS) were pulverized and employed

as an adsorbent.

Washing and Pyrolyzing of Chemical
drying of R
peanut shell activation
peanut shell )

\%

Powered PNS c{ Grinding ‘G{ Drying <] Washing

Flow chart 3.1 Flow diagram of PNS preparation
3.2.1.2. Characterization of PNS
3.2.1.2.1. Elemental analysis of PNS

In order to analyze the elements before and after adsorption of Cr(III) in to PNS, EDX
analysis was performed. EDX analysis presented in Figure 3.10 indicated that the chemical
compositions of PNS are mainly C, N, O, P, S, K, Ca. Moreover, chromium was incorporated
after adsorption. During the measurement of EDX different areas were focused and the

corresponding peaks are shown.
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Figure 3.10 Energy dispersive X-ray (EDX) spectrum of PNS (a) before and (b) after Cr(III)

adsorption.

In spectrum (a), the quantity of C, N, O, P, S, K, Ca and Cr were 47.98, 6.33, 32.12, 5.59,
4.50, 0.52, 2.95, and 0.00 measured in atomic % respectively, while in spectrum (b), the
values were 55.75, 4.11, 27.00, 5.35, 4.18, 2.16, 0.45, and 1.00 respectively, which signify
Cr(III) adsorption on to PNS.

3.2.1.2.2. FTIR analysis of PNS

The FTIR analysis is vital to recognize the distinctive functional groups, which are liable for
adsorption of metal ions. It is well recognized that peanut shell contains lignin, cellulose and
hemicelluloses. PNS experiences various modification throughout the chemical activation
and Cr(Ill) ion adsorption processes. FTIR spectroscopy was utilized to evaluate the

vibrational changes in PNS after chemical activation and adsorption processes. It is observed
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from the Figure 3.11 that some functional groups moved to a different frequency level or

disappeared after activation and adsorption [286].
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Figure 3.11 FTIR spectra of PNS-1 (pyrolyzed nutshell), PNS-2 (NaOH activated pyrolyzed
nutshell), and PNS-3 (Cr’*loaded NaOH activated pyrolyzed nutshell).
69



In the FTIR spectra of PNS-1, PNS-2, and PNS-3, the existence of —OH groups led to the
observation of broad peaks at 3332, 3325, and 3340 cm™ correspondingly. The band at 1712,
1728 and 1705 cm™ indicating that —C=0 groups were also exist in IR spectra. C-H stretching
vibrations were observed at 2970 cm'l, 2885 cm’! in PNS-1; 2939 cm™ and 2870 cm™ in PNS-
2 and 2970 cm™ and 2885 ¢cm' in PNS-3 Moreover, the peak between 1100 and 1300 cm’!

represents C-O (alcoholic, esters) groups of the adsorbent.
3.2.1.2.3. Scanning electron microscopic (SEM) analysis of PNS

Surface morphology of NaOH activated PNS was studied through SEM. The SEM image of
activated PNS is shown in Figure 3.12 demonstrates that it has cavities, an uneven,
heterogeneous, and lamellar features that facilitate the adsorption process in aqueous
solutions [194]. The quick volatilization of organic components in the biomass caused the
well-defined porosity structure, which was advantageous for the attachment of metal ions

[287].

20kV

Figure 3.12 SEM images of PNS (a) 500x, and (b) 1500x magnification
3.2.1.2.4. X-Ray Diffraction (XRD) analysis of PNS

The X-ray diffraction pattern showed no clearly defined peak associated with the crystalline
phase. It demonstrates a characteristic peak of carbonaceous compound. A bulge in the range
of 20 = 20 - 30° and a peak at 20 = 22.8° were observed from the Figure 3.13 because of
amorphous nature with a high degree of disorder of PNS. The broad and weak peaks
observed in XRD pattern of PNS indicates the existence of amorphous carbon [288].
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Figure 3.13 XRD analysis of PNS

3.2.1.2.5. Brunauer-Emmett-Teller (BET) analysis of PNS

Surface area, pore volume, and pore diameter of PNS were analyzed through nitrogen gas
sorption system are presented in Table 3.11. Chemically activated PNS had low surface area
of 3.68 mz/g may be due to the breakdown of cell walls [289]. Pore sizes are classified as
reported by IUPAC, which are micropores (diameter, d < 20 A), mesopores (20 A <d <500
A), and macropores (d > 500 A) [193]. Barrett-Joiner-Halenda (BJH) method was followed to
find out the average pore diameter was 89.41 A, which signify that PNS consists of

mesopores.

Table 3.11 BET surface area and porosity of PNS

SI. No.  Parameter Result
01. BET Specific Surface Area using multi-point analysis (m”/g) 3.68
02. Total Pore Volume (cc/g) 0.0082
03. Skeletal density (g/cc) 1.6863
04. Porosity based on skeletal density (per gram of sample) 0.0137
05. Average Pore Diameter, (A) 89.41
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Figure 3.14 Adsorption and desorption isotherms of BET to PNS
3.2.1.2.6. Zeta potential value of PNS

Zeta potential value (ZPV) of PNS was also studied as a function of pH. The sample was
prepared by dispersing PNS in deionized water to analyze the ZPV of PNS. The study was
performed at 3.0-5.0 pH range. The Table 3.12 and Figure 3.15 signify that ZPV of PNS was
positive (9.87 mV) at 3.0 pH, while the values were negative (-11.7 to -22.8 mV) with an

increase of pH from 3.5 to 5.0.

Table 3.12 pH vs Zeta potential value of PNS

pH 3.0

3.5

4.

0 4.5 5.0

ZPV (mV) 9.87

-11.7

-12.4

-18.8 -22.8
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Figure 3.15 ZPV of PNS (a) at pH 3.5 (- 10.2 mV), (b) at pH 5.0 (-22.8 mV), and (c) ZPV of
PNS at different pH

3.2.1.3. Adsorption of Cr* ions on PNS
3.2.1.3.1. Calibration curve of Cr;(S04)3;.6H,O solution

A calibration curve was develop using 32.06, 69.19, 135.43, 187.57, 271.74, 301.26, and
363.47 ppm Cra(SO4)3.6H,O solutions by spectrophotometric method. Unknown
concentration was determined before and after Cr’* ions adsorption with respect to this
calibration curve. After then adsorption capacity or % of removal was calculated through

equation (2.1), or (2.2) and (2.3) respectively.
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Table 3.13 Concentration vs absorbance data of Cr,(SO4)3.6H,0 salt solution

Concentration (ppm) | 32.059 | 69.197 | 135.43 | 187.57 | 271.74 | 301.26 | 363.47

Absorbance 0.02 0.04 0.07 0.1 0.14 0.16 0.19

0.00 T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400
Concentrations (ppm)

Figure 3.16 (a) Cry(S04)3.6H,0 powder (b) Cry(SO4)3.6H,0 solution at different conc. and
(¢) calibration Curve of Cr,(SO4)3.6H,O salt solution

3.2.1.3.2. Effect of pH on adsorption capacity of PNS for Cr’** ions adsorption

The pH of metal ions solutions is a significant parameter to control the adsorption process as
it disassociates the groups present on the surface hence change the surface charge of
adsorbent. The effect of pH for Cr’* ions adsorption by PNS was investigated with 256.53
ppm solution of Cr,(SO4);.6H,0 by varying it in the range of 3.0 to 5.0. In batch experiment
25 mL solutions were taken in each conical flask and put 63 mg PNS and then shaken in a
orbital shaker at 160 rpm for 4 hours. After filtering the mixtures any change in Cr(IIl) ions
concentrations were determined by UV-Vis spectroscopy. It is evident from the Table 3.14
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and Figure 3.17 that adsorption capacity of PNS was enhanced at higher pH of the solution

and the maximum capacity was 69.72 mg/g at pH 5.

Table 3.14 pH v/s adsorption capacity data of PNS for cr’* adsorption

pH 3.0 3.5 4.0 4.5 5.0
Adsorption Capacity (mg/g) | 53.09 51.32 56.13 60.1 69.72
70 -

=)
wn
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3.0 3.5 ' 410 ' 415 ' 5:0
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Figure 3.17 Effect of Cr-salt solution pH on adsorption capacity of PNS for Cr’* ions

adsorption

It is speculated that ion exchange (which was evident from EDX analysis Figure 3.10) and
H-bonding may be the principle mechanism to remove of heavy metals [290]. At lower pH
value (3.0) the adsorption capabilities observed to be less, because of the feisty adsorption of
same positive charge of H" and metal ions with similar adsorption site. While, at pH 4.0 —
5.0, the lesser number of protons and more negative charges ensuing more Cr? adsorption.
The surface negativity of PNS was increased with higher pH which was noticed from the
ZPV (Figure 3.15).

At Higher pH _
H<—— —RO+ H'

At Lower pH

In the research, all batch experiments were controlled at 5.0 pH to acquire highest adsorption
capacity in addition to eliminate precipitation of Cr(IIl) [291]. Additionally, at pH >6 Cr(III)
can be precipitated from the aqueous solution as Cr(OH); [292]. The results agreed with
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previous literature [237] and Cr speciation (Figure 1.1), it was observed that at pH >3 ionic
species such as CrOH2+, Cr(OH)," and bioadsorbent showed higher affinity to these species
than for free Cr(III) ion.

3.2.1.3.3. Effect of adsorbent dosage on adsorption capacity and % removal

Effect of adsorbent dosage on Cr(IIl) adsorption was studied with different the dosage (1.5 -
4.0 g/L) to find out the optimum dose. The batch experiments were conducted for 4 hours
with 240.57 ppm initial concentration at optimum pH 5.0. It is showed that (Table 3.15,
Figure 3.18) % of Cr(Ill) removal was increased 46.86 to 87.53 % whereas adsorption
capacity was decreased 75.16 to 52.65 mg/g with the increase of PNS dosage.

Table 3.15 Dosage v/s adsorption capacity and % removal data of PNS

Dosage (g/L) 1.5 2 2.5 3 3.5 4

Adsorption Capacity (mg/g)  75.16  65.51 58.83 56.57 52.99 52.64

Removal (%) 46.86 54.46 61.62 70.55 77.09 87.53
I —II— calpacity I I I I I I I I
75 | — M- Removal 90

N\

- 80
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Figure 3.18 Effect of PNS dosage on adsorption capacity and % removal of Cr**
The availability of more adsorption sites is thought to boost the % removal of Cr(IlI), but
more unsaturated sites lessen the adsorption capacity with higher adsorbent dosage [159]. It

was observed that 2.37 g/L dose provides the best % removal also best adsorption capacity.

However, for simplification 2.5 g/L. dose were continued all over the study.
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3.2.1.3.4. Effect of Cr’* ions concentrations and contact time on adsorption capacity of

PNS for Cr **adsorption

To explore the effect of Cr’* ions concentrations and contact time on adsorption capacity of
PNS, 25 mL solutions of five different concentrations (125.93, 196.97, 278.86, 330.55, and
370.11ppm) were taken in conical flasks and then 63 mg (2.5 g/L)) PNS was added to each
solution. The experiments were accomplished at 5.0 pH by several time intervals ranging
from 5-600 minutes with constant shaking speed 160 rpm. The findings (Table 3.16, Figure
3.19) revealed that adsorption capacity increased with increasing duration until it reached at

equilibrium and after then, there was no significant increase in adsorption capacity.

Table 3.16 Time vs adsorption capacity data of PNS for Cr ** ions adsorption

Adsorption capacity(mg/g)
Time (min)
125.93ppm  196.97ppm  278.86ppm  330.55ppm = 370.11ppm

0 0 0 0 0 0

5 13.84 7.595 44.25 42.88 37.56
15 21.36 26.079 45.66 44.65 41.021
30 249 35.619 52.07 49.79 53.344
60 26.17 40.007 56.55 54.02 61.278
120 29.63 44.396 62.88 63.05 66.005
240 29.79 45.154 64.14 67.444 74.784
360 34.1 47.857 65.49 71.32 77.231
480 37.14 49.46 67.94 73.603 78.498
600 37.14 53.512 68.53 74.111 79.004

It was observed that adsorption capacity reached at equilibrium nearly 480 minutes, and the
adsorption capacity was increased with higher Cr** ion concentration. At lower initial
concentration, 125.93 ppm, equilibrium adsorption capacity was 37.22 mg/g while at 196.97,
278.86, 330.55, and 370.11 ppm concentration, adsorption capacity was 53.51, 68.53, 74.11,
79.00 mg/g correspondingly. The utmost adsorption capacity 79.00 mg/g was attained at
370.11 ppm solution.
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Figure 3.19 Effect of Cr’* ions concentrations and contact time

The explanation is because initially there were more active sites available, but after certain
time these sites got saturated [203]. Moreover, the equilibrium adsorption capacity was
increased with higher Cr’* ion concentration. It is caused in the gradient of concentration
between the Cr(IIl) ion in bulk solution and adsorbent surface, which causes mass transfer

among aqueous and solid phase [218].
3.2.1.4. Adsorption isotherms

To understand the affiliation among the quantity of adsorbate adsorbed on the adsorbent,
normally analyze the experimental data with Langmuir and Freundlich isotherm. In Langmuir
isotherm, the adsorbate is assumed to be absorbed on the adsorbent in a monolayer on well-
defined with no intermolecular interactions. However, Freundlich isotherm deduces

multilayer adsorption also signify non-uniform distribution.
3.2.1.4.1. Langmuir isotherm for Cr** adsorption

The Langmuir isotherm model was exercised by equation (3.4) plotting C./q. versus C.
(Table 3.17, Figure 3.20). A linear connection among C./q. and C. was observed with
acceptable regression factor (R*=0.999). Maximum adsorption capacity qm (theoretical), was
calculated from the slope and found 104.82 mg/g. The separation factor Ry provides

information of qualitative measure of the favorability, Ry, >1 indicates unfavorable adsorption
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while 0< R <1 indicates favorable process. In this study, Ry was calculated by equation (3.5)

and the value was 0.138 indicates favorable monolayer adsorption process [293] .

Table 3.17 C. vs C./q. data of PNS at different concentration

Initial concentration (ppm) 12593 19697  278.86 330.55 370.11

Equilibrium concentration (C,.) 32.34 62.12 107.636 145.07 172.298

Cdqe 0.87 1.161 1.576 1.971 2.195

24
2.2

2.0 1

Ce/qe

1.2 +
1.0

0.8 -

T T T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160 180
Ce
Figure 3.20 C, vs C./q. of PNS at different concentration for Cr’* adsorption

3.2.1.4.2. Freundlich isotherm for Cr** adsorption

The experimental data was justified for multilayer adsorption mechanism through Freundlich
isotherm equation (3.6) by plotting a graph of InC, versus Inq. (Table 3.18, Figure 3.21) and
linear connection was observed with good regression coefficient, R*= 0.986. From the slope n

was calculated and found to be 2.225 which showed good adsorption process [208].

Table 3.18 InC. vs Inq. data of PNS at different concentration

Initial concentration (ppm)  125.93 196.97 278.86 330.55 370.11

InC, 3.476 4.129 4.678 4.977 5.149

Inq, 3.615 3.979 4.218 4.298 4.363
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Usually since n declines, adsorption becomes more complicated (n= 2-10 denotes good

adsorption, n = 1-2 difficult adsorption and n<1 poor adsorption) [294].

T T T T T T T T T T T T T T T T T T T
34 36 38 40 42 44 46 48 50 52
InCe

Figure 3.21 InC, vs Inq. of PNS at different concentration for Cr’* adsorption
3.2.1.4.3. Explanation on isotherms for Cr** adsorption

The values of various parameters of two models signify (Table 3.19) that the adsorption of
Cr** on PNS obeyed both Langmuir and Freundlich isotherm but preferably the Langmuir

model.

Table 3.19 Theoretical values of qn, b, Ry, n, kg and R? of adsorbent PNS

Isotherm model qm (mgg") b (Lmg") R’ RL n kg

Langmuir isotherm 104.82 0.1239 0.999 0.138 - -

Freundlich isotherm - - 0.986 - 2.225 8.221

3.2.1.5. Adsorption kinetics for Cr**adsorption

The adsorption kinetics is important to investigate how quickly ions move from liquid phase
to solid phase and how long it takes to reach equilibrium. In this research, two kinetic models

(Pseudo-First-Order and Pseudo-Second-Order) were applied to illustrate adsorption process.
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3.2.1.5.1. Pseudo-first-order kinetic for Cr3+adsorpti0n

The Pseudo-First-Order kinetic equation (3.7) was introduced by Lagergren in 1898 to justify
the adsorption process. Pseudo-First-Order isotherm was obtained by plotting a graph with
log(qe-qr) against t (Table 3.20, Figure 3.22) where a linear relationship was observed in

between log(qe-q:) and t.

Table 3.20 Time, t(min) and log(qe-q;) data of PNS at different concentration

Time, log(qe-q¢) at  log(qe-q¢) at  log(qe-q¢) at  log(qe-q¢) at  log(qe-qy) at
t(min) 125.93ppm  196.97ppm  278.86ppm  330.55ppm  370.11ppm

5 1.367 1.662 1.375 1.487 1.612
15 1.198 1.438 1.348 1.461 1.573
30 1.088 1.253 1.201 1.376 1.401
60 1.04 1.13 1.057 1.292 1.236
120 0.876 0.959 0.708 1.023 1.096
240 0.866 0.922 0.579 0.789 0.569
360 0.483 0.752 0.389 0.358 0.103
480 - 0.608 - - -
1.8
] B 125.93 ppm
ed & ® 196.97 ppm
| A 278.86 ppm
1.4 1 Vv 330.55 ppm
] 370.11 ppm
1.2 1
g 1.0 1
\E% (LSt
o0 0.6 -
e
0.4 1
0.2 1
0.0

0 100 200 300 400 500
Time, t (min)
Figure 3.22 Pseudo-First-Order kinetics for Cr’* adsorption on PNS
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3.2.1.5.2. Pseudo-second-order reaction kinetic for Cr** adsorption

In 1999 Ho and Mckay validate Pseudo-Second-Order rate reaction (3.8). Pseudo-Second-

Order model was prevailed with a graph by putting t/q, versus t (Figure 3.23).

Table 3.21 Time, t(min) and t/q, data of PNS at different concentration

Time, t/q; at t/q; at t/q; at t/q. at

t(min) 125.93ppm  196.97ppm  278.86ppm  330.55ppm  370.11ppm

t/q; at

5 0.361 0.658 0.112 0.117 0.133
15 0.702 0.575 0.328 0.336 0.365
30 1.204 0.842 0.576 0.603 0.562
60 2.292 1.499 1.061 1.111 0.979
120 4.049 2.702 1.908 1.903 1.818
240 8.056 5.315 3.74 3.539 3.209
360 10.557 7.522 5.497 5.048 4.661
480 - 9.704 - - -
12
B 12593 ppm
® 196.97 ppm
10 4 A 278.86 ppm
Vv 330.55 ppm
370.11 ppm
8 -
~ 6
g
4 -
2
0 -

T T T T T T T T T T
0 100 200 300 400 500
Time, t (min)

Figure 3.23 Pseudo-Second-Order kinetic for Cr’* adsorption on PNS
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3.2.1.5.3. Explanation on kinetics for cr*t adsorption

The kinetic models’ parameters are deliberated from the slop and intercept of each linear plot

are summarized in Table 3.22. The linear fitting results of two models suggest that in case of

Pseudo-Second-Order model the theoretical q. values agreed well with the experimental g. It

was also found that correlation coefficient (Rz) value of Pseudo-Second-Order kinetic model

was also superior to Pseudo-First-Order kinetic model.

Table 3.22 Pseudo-First-Order and Pseudo-Second-Order kinetics parameter

Model Parameters 125.93ppm 196.97ppm 278.86ppm 330.55ppm 370.11ppm
q. (mgg") 37.14 49.46 67.94 73.603 78.498
£ g ki(1/min) 0.00456 0.0041 0.00637 0.00712 0.00953
= 9
L o
'§ 5 R’ 0.875 0.805 0.894 0.989 0.990
%]
R Qe (mggh) 16.71 24.048 19.02 30.14 37.60
5 k; (g/mg min)  0.00128 0.00078 0.00162 0.00087 0.00078
s T
§ g R’ 0.989 0.995 0.999 0.998 0.998
%]
n S e
a (%?3 g (mggh) 36.82 53.276 68.12 74.68 80.52
" Experimental, “Theoretical
] Experimental
90 - I First-order
{167 Second-order s8.q0 8052
75 73.6 74.68 |
67.94 6812 | :
- -
=Y} 53.28 |
Eas -
o [3714 3682
.l
15 +
0

125.93ppm 196.97ppm 278.86ppm 330.55ppm 370.11ppm

Figure 3.24 Comparison between experimental and calculated adsorption capacity of PNS
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It is evident from the Figure 3.24 that the calculated adsorption capacities were justified with
the experimental values in case of Pseudo-Second-Order kinetic. Hence, it is comprehensible
that Pseudo-Second-Order model was better fitted for Cr** adsorption on PNS compared to

earlier model.
3.2.1.6. Thermodynamic analysis for Cr** adsorption

To recognize endothermic/exothermic nature of the adsorption process for Cr’* adsorption on
PNS was studied at different temperature. Batch experiments were performed at a series of
temperatures to find out thermodynamic parameters, e.g., Gibbs free energy (AG), enthalpy
(AH), and entropy (AS) by using equations (3.9), (3.10) and (3.11).

Table 3.23 Temperature, time and adsorption capacity data of PNS for Cr’*ions adsorption

Time, t (min) Adsorption Capacity (mg/g)
293K 308K 323K 338K
120 31.06 28.44 23.97 32.08
240 41.36 46.00 36.38 41.62
360 51.07 48.54 45.33 43.64
480 50.56 48.62 45.24 44.31
600 51.15 48.37 46.00 43.72
50
—e- —o
45 -
~ 40 -
o0
)
g 35 ~
=
30 +
—il—- 293K
25 —@— 308K
—— 323K
1 —¥— 338K
1(I)0 2(I)0 3(I)0 4(I)0 S(I)O 6(I)0

Time, t (min)
Figure 3.25 Temperature, time vs adsorption capacity data for Cr’* ions adsorption
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For this study, 63mg PNS was added in to 25 mL (151.03 ppm) of Cr,(SO4);.6H,0 solution
at 5.0 pH for each experiment. The batch experiments were than shaken in a orbital shaker at
293K, 308K, 323K and 338K temperature for different time period ranging from 120-600
minutes. The impact of temperature and contact duration on adsorption capacity of PNS were

studied and showed in Table 3.23 and Figure 3.25.

With increased temperature, the adsorption capacity of PNS was declined. This is due to the
fact as temperature rises, the kinetic energy increases and releases of the adsorbate from PNS.
At 293K temperature the equilibrium adsorption capacity was 51.07 mgg™, which decreased
to 48.54, 45.33, and 43.64 mgg™ at 308K, 323K and 338K respectively.

Table 3.24 van’t Hoff equation 1/T vs Inky data of PNS

/T 0.0034 0.0032 0.003 0.0029

Inkq 0.827 0.525 0.208 0.061

A straight line was acquired through a graph by plotting 1/T versus Inkq (Table 3.24, Figure
3.26). The standard enthalpy (AH), and entropy (AS) was obtained from the slope and
intercept and were -12.799 kJ/mol and -0.0366 kJ/mol (Table 3.25) respectively.

0.9

0.8 -
0.7 +

0.6 1

T T T T T T T T T T T
0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
1T (1/K)

Figure 3.26 van’t Hoff equation 1/T vs Inkq plot of PNS for Cr’* adsorption
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Table 3.25 Thermodynamic parameters of PNS for Cr’* adsorption

T(K) AG (kJ/mol)  AH (kJ/mol) AS (kJ/mol K) R*
293 -2.0156 - 12.799 - 0.0366 0.999
308 -1.345

323 -0.559

338 -0.171

At the temperatures of 293K, 308K, 323K and 338K, the values of AG for cr’t adsorption on
PNS were calculated to be -2.015, -1.345, -0.559 and -0.171 kJ/mole, correspondingly. The
negative AG exposed that adsorption of Cr’* on PNS was spontaneous and negative value of
AH suggested exothermic in nature. Moreover, the negative AS exposed less randomness at

the solid/solute interface throughout the adsorption of Cr’* on PNS [295].
3.2.1.7. Plausible mechanism for Cr** adsorption on PNS

Sorption mechanism express the electrostatic interaction within oppositely ionized particles
by means of various bond formations such as H-bonding, van der Waals force, dipole-dipole
induction, ion-exchange and so on. Previous studies showed that functional groups like
carboxyl, hydroxyl, methoxy, and phenolic groups exist in pyrolyzed peanut shell might bind
and remove metallic ions and other contaminants from effluents [294-295]. In this study it is
assumed that PNS contains hydroxyl group cellulose which is supposed to form hexa-

coordinate complexes through arresting Cr’* ions from solution (Scheme 3.1).

HOH H
| %,H*D HO -7 “H\ngﬁix o+ ——  Cellulose —OH
(@]
- H H H OH a ellulose
HO: HO: :OH

Cellulose —OH + Cr'' — e R

cruiose HO:/ \ ‘OH :‘OH

Cellulos

Scheme 3.1 Plausible mechanisms of Cr’* adsorption on PNS
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3.2.1.8. Regeneration of used PNS

The prospect of re-using PNS as adsorbent was investigated. Cr’* laden PNS was regenerated

using 1.0 M H,SO,4 and NaOH solution four times which was shown in the Flow chart 3.2.

Used
Drying Adsorbent
Washing with mild Distilled Water +
Alkaline Water for
Neutral pH 2% HCl
Washing with
Distilled Water Shaking

Flow chart 3.2 Flow diagram of regeneration of used PNS

Experimental pH, adsorbent dose and other parameters were at optimum level. The findings
of regeneration trials are presented in Figure 3.27 which demonstrates that adsorption
capacity steadily dropped from 48.41 to 15.48 mg/g. It is clear that regenerated PNS can be

reused to remove Cr’* from aqueous solution.
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Figure 3.27 Adsorption capacities of regenerated PNS
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3.2.1.9. Application of PNS on real sample (Tanning wastewater and tannery

wastewater) for alleviation of pollution load
3.2.1.9.1. Application of PNS on tanning wastewater

After assessing the capabilities of PNS in removing Cr** from prepared Cr,(SQO4)3.6H,0
solution by various batch experiments, the performance to remove chromium ions from real
sample (Chrome tanning effluent) was verified. To observe the adsorption of Cr ions from
concentrated Chrome tanning effluent, 15 g of PNS was added to 500 mL of Chrome tanning
effluent and agitated at room temperature for 4 h at pH 5.0. The concentration of chromium
before and after adsorption was analyzed by ICP-MS and other water quality parameter such
as pH, TDS, EC, NaCl %, BODs, and COD were also tested, however the outcomes are
showed in Table 3.26.

Table 3.26 Quality parameters of chrome tanning effluents before and after adsorption.

Parameters Before After % of DoE/ECR
adsorption adsorption removal Standard

Cr (ppm) 3276.64 1092.74 66.63 2.0

Adsorption Capacity (mg/g) - 72.79 - -

pH 4.6 54 - 6.5-9.2

TDS (ppm) 11723 3803 67.56 2100

EC (uS/cm) 10637 3421 67.83 1200

NaCl (%) 8.5 3.63 57.29

BODs (ppm) 3273 1207 63.12 <100

COD (ppm) 9632 3569 62.95 200-400

3.2.1.9.2. Application of PNS on tannery wastewater

To examine the performance of PNS with tannery effluent, 5 g of adsorbent PNS was applied
to 500 mL of tannery effluent and shaken at room temperature for 4 hours at pH 5.0. The
concentration of chromium before and after adsorption was determined by ICP-MS.
Moreover, different water quality parameter like pH, TDS, EC, NaCl %, BODs, and COD

were also tested, and the data are showed in Table 3.27.
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Table 3.27 Quality parameters of tannery effluents before and after adsorption.

Parameters Before After % of DoE /ECR

adsorption adsorption removal Standard

Cr (ppm) 423.28 68.58 83.79 2.0
Adsorption Capacity (mg/g) - 35.47 - -

pH 55 6.3 - 6.5-9.2
TDS (ppm) 7791 2576 66.94 2100
EC (uS/cm) 5348 1519 71.59 1200
NaCl (%) 4.2 1.5 64.28 -

BODs (ppm) 2207 578 73.81 <100
COD (ppm) 4278 1286 69.93 200-400
3.2.1.9.3. Discussion on real sample analysis

Obtained results indicate (Table 3.26, Table 3.27) that after adsorption, the % of chromium
removal was 66.63% and 83.79% but the adsorption capability was 72.79 and 35.47 mg/g in
case of Chrome tanning effluents and tannery effluents respectively. In case of tannery
effluent, adsorption capacity was much lower compare to prepared solution that could be due
to the existence of different matrices or ions that were being used in leather manufacturing
which decrease the capacity of the PNS [298]. On the other hand, after adsorption by PNS the
water quality parameters (pH, TDS, EC, NaCl %, BODs, and COD) of collected Chrome

tanning and tannery effluents were also reduced significantly.

3.2.2. Chemically activated peanut shell (NS)
3.2.2.1. Preparation of NS

Collected peanut shells were washed and dried initially and then chemically activated with
analytical grade NaOH (25%) with stirring and left for 24 hours. The products were then
cleaned with distilled water and dried in an air oven at 110-115 °C. The activated dried

peanut shell (NS) were powdered and employed in the research.
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3.2.2.2. Characterization of NS
3.2.2.2.1. Elemental analysis of NS

In order to analyze the elements of adsorbent NS before and after Cr’* adsorption, EDX
analysis was conceded. Figure 3.28 revealed that the chemical composition of NS before and

after Cr(III) adsorption were mainly carbon, oxygen, phosphorus, sulfur, potassium, and

calcium.
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Figure 3.28 Energy dispersive X-ray (EDX) spectrum of NS (a) before and (b) after Cr(III)

adsorption.
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Moreover, chromium was included after adsorption process. In spectrum (a), the quantity of

Cr was 0.00, while in spectrum (b), the values was 2.07 in weight % and 0.63 was in atomic

%, which imply Cr(III) adsorption on to NS.

3.2.2.2.2. FTIR analysis of NS
The FTIR spectral analysis is very important for identification of the distinctive functional

groups, which are accountable for adsorption of metal ions.
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Figure 3.29 FTIR spectra of NS-1 (Dried nutshell), NS-2 (NaOH activated nutshell), and NS-

3 (Cr(IID) loaded NaOH activated nutshell).
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Generally peanut shell is composed of lignin, cellulose and hemicelluloses. FTIR
spectroscopy was utilized to assess the vibrational changes in NS after chemical activation
and adsorption processes. Figure 3.29 shows that after activation and adsorption, several
functional groups migrated to a new frequency level or disappeared [286]. In the FTIR
spectra of NS-1, NS-2, and NS-3, the existence of —OH groups led to the observation of
broad peaks at 3290, 3371, and 3317 cm™ respectively. Peaks at 1712, and 1735 cm™
indicating that —-C=0 groups were also exist in IR spectra. C-H stretching vibrations were

observed at 2935 cm'in NS-1; 2920 cmin NS-2 and 2927 cm™ and 2866 cm™ in NS-3.
3.2.2.2.3. Scanning Electron Microscopic (SEM) of NS

Surface morphology of NaOH activated NS was investigated by means of SEM at the
magnification power (500 x and 1500 x). The SEM image of activated NS shown in Figure
3.30 demonstrates that it has cavities, rough, heterogeneous structure, and lamellar features

which make possible the adsorption of metal ions [179].

20KV X500 50um

Figure 3.30 SEM images of NS (a) 500x, and (b) 1500x magnification
3.2.2.2.4. X-Ray diffraction (XRD) analysis of NS

There was no distinct peak associated with the crystalline phase in the XRD pattern. It
illustrates a characteristic peak of carbonaceous compound. A bump in the range of 26 = 20 -
30° and a peak at 20 = 22.11° was perceived (Figure 3.31) because of amorphous structure
with a high degree of disorder of NS. The broad and weak peaks in the XRD pattern of NS

suggests the existence of amorphous carbon [288].
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Figure 3.31 XRD analysis of NS

3.2.2.2.5. Brunauer-Emmett-Teller (BET) analysis of NS

Surface area, pore volume, and pore diameter of NS were investigated by nitrogen gas
sorption system are presented in Table 3.28. Chemically activated NS had low surface area
of 10.14 m*/g may be because of the breakdown of cell walls [289]. Average pore diameter of
NS was calculated following Barrett-Joiner-Halenda (BJH) method and the value was 57.54

[

A, which indicate that NS consists of mesopores [193].

Table 3.28 BET surface area and porosity of NS

SI. No. Parameter Result
01. BET Specific Surface Area using multi-point analysis (m®/g) 10.14
02. Total Pore Volume (cc/g) 0.0146
03. Skeletal density (g/cc) 0.7711
04. Porosity based on skeletal density (per gram of sample) 0.0111
05. Average Pore Diameter, (A) 57.54
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Figure 3.32 Adsorption and desorption isotherms of BET to NS
3.2.2.2.6. Zeta potential value of NS

Zeta potential value (ZPV) was investigated for adsorbent NS by dispersing in deionized
water with the pH range of 3.0-5.0. The results revealed (Table 3.29 and Figure 3.33) that
that ZPV of NS was positive (7.08 mV) at 3.0 pH and (3.82 mV) at 3.5 pH, while the values
were negative (-3.74 to -18.2 mV) at pH 4.0 to 5.0.

Table. 3.29 pH vs Zeta potential data of NS

pH 3 3.5 4 45 5

ZPV (mV) 7.08 3.82 -3.74 -10.3 -18.2
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Figure 3.33 ZPV of NS at different pH

3.2.1.3. Adsorption Cr(III) ions on NS
3.2.2.3.1. Effect of pH on adsorption capacity of NS for cr*t adsorption

The pH of metal ions solutions is a vital factor to control the adsorption process as it
disassociates the groups present on the surface hence change the surface charge of adsorbent.
The impact of pH on Cr’* ions adsorption through NS was analyzed with 256.53 ppm
solution of Cr(S04);.6H,0 by varying it in the range of 3.0 to 5.0. In the experiment 63 mg
NS were added in each solution (25 mL) and the mixtures were shaken at 160 rpm for 4
hours. After filtering the solutions any change in Cr(III) ions concentrations were determined
by UV-Vis spectroscopy. It is evident from the Table 3.30 and Figure 3.34 that adsorption
capacity of NS was raised at higher pH of solution and the highest capacity was 57.82 mg/g
at pH 5.0.

Table 3.30 pH v/s adsorption capacity data of NS for Cr’* adsorption

pH 3 3.5 4 45 5

Adsorption Capacity (mg/g) 31.82 40.77 4592  48.53 57.82
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Figure 3.34 Effect of pH for Cr’* ions adsorption

It is assumed that the ion exchange (which was evident from the EDX analysis Figure 3.28)
and hydrogen bonding could be the principle mechanism to remove heavy metals [290]. At
3.0 pH the adsorption capabilities was low, because of the same positive charge of H" and
metal ions with similar adsorption site. While, at pH 4.0 — 5.0, the smaller amount of protons
and more negative charges ensuing more Cr(IIl) adsorption. The surface negativity of NS was
enhanced at higher pH (Figure 3.34).

At Higher pH
__ROH geTp

—RO + H

At Lower pH

In this research, batch experiments were performed at 5.0 pH to acquire highest adsorption
capacity in addition to avoid precipitation [291]. Moreover, at pH >6 Cr’* can be precipitated
from the aqueous solution as Cr(OH); [292]. The results agreed with previous literature [237]

and Cr speciation (Figure 1.1).
3.2.2.3.2. Effect of adsorbent dosage on adsorption capacity and % of removal

Impact of adsorbent dosage on Cr’* adsorption was analyzed by applying different dosage
from 1.5 to 4.0 g/L to find out optimum dose. The batch experiments were conducted with
240.57 ppm initial concentration for 4 hours at optimum pH 5.0. It is observed from Table
3.31, and Figure 3.35, that removal % of Cr’* was increased 44.56 to 74.18 % whereas
adsorption capacity was decreased 71.46to 44.61 mg/g with the increase of PNS dosage.
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Table 3.31 Dosage v/s adsorption capacity and % removal data of NS

Dosage (g/L) 1.5 2 2.5 3 3.5 4

Adsorption Capacity (mg/g) 71.46 58.81 54.35 50.77 48.07 44.61

Removal (%) 44.56 48.89 56.94 63.304 69.96 74.18
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Figure 3.35 Effect of NS Dosage on adsorption capacity and % removal

The availability of more adsorption sites is responsible to enhance the % removal of Cr’*, but
more unsaturated sites reduces adsorption capability with increased adsorbent dosage [299].
It was evident that at dose 2.5 g/L. showed the best % removal also best adsorption capacity

and were maintain all over the study.
3.2.2.3.3. Effect of Cr** ions concentrations and contact time

To investigate the effect of Cr** ions concentrations and contact time on adsorption capacity
of NS, 25 mL solutions of five different concentrations (125.93, 175.28, 196.97, 240.57,
278.86 ppm) were taken in conical flasks and 63 mg (2.5 g/LL) NS was added in to conical
flask each. The study was executed at 5.0 pH by several time intervals ranging from 5-600
minutes at 160 rpm shaking speed. The outcome (Table 3.32, Figure 3.36) revealed that
adsorption capacity increased with increasing duration until it reached at equilibrium and

after then, there was no remarkable increase in adsorption capacity.
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Table 3.32 Time vs adsorption capacity data of NS for Cr’* ions adsorption

Time (min) 125.93 ppm 17528 ppm  196.97 ppm  240.57 ppm 278.86 ppm

0 0 0 0 0 0

5 16.88 13.079 16.63 16.46 20.42
15 23.89 17.642 16.965 18.988 21.61
30 25.32 18.063 20.59 30.976 22.37
60 27.18 21.273 22.95 31.059 22.54
120 30.22 27.519 27.26 31.817 24.56
240 31.06 30.134 29.71 35.365 32.58
360 31.82 37.563 40.345 39.837 41.36
480 32.41 39.33 40.936 44.059 47.52
600 32.83 39.587 41.442 44.309 47.61
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Figure 3.36 Effect of Cr’* ions concentrations and contact time on adsorption capacity of NS

It was found that approximately after 360 minutes adsorption capacity reached at equilibrium
condition. It was also showed that adsorption capacity was enhanced with higher metal ion

concentration. At an initial Cr’* concentration of 125.93 ppm, the adsorption capacity was
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31.82 mg/g whereas at 175.28, 196.97, 240.57, and 278.86 ppm concentration, adsorption
capacity were 39.33, 40.93, 44.06, and 47.52 mg/g respectively. The obtained top most

adsorption capacity was 47.52 mg/g in case of 278.86 ppm concentration.

Since, initially there were more active sites available, but after certain time these sites got
saturated [141], [203]. Moreover, the equilibrium adsorption capacity was also enhanced with
more Cr’* jon concentration. It is due to the gradient of concentration between the Cr’* ion in
bulk solution and adsorbent surface, which causes mass transfer within aqueous and solid

phase [218].
3.2.2.4. Adsorption isotherms for Cr’* adsorption on NS

Langmuir and Freundlich isotherms are generally used to justify the correlation between the
quantity of adsorbate adsorbed on the adsorbent surface. In Langmuir isotherm, the adsorbate
is assumed to be absorbed on the adsorbent in a monolayer on well-defined with no
intermolecular interactions. However, Freundlich isotherm exposes multilayer adsorption also

suggests non-uniform distribution.
3.2.2.4.1. Langmuir isotherm

The Langmuir isotherm model was exercised by equation (3.4) plotting C/q. versus C.
(Table 3.33, Figure 3.37). A linear relation within C¢/q. and C. was observed with acceptable
regression factor (R*=0.997). Maximum adsorption capacity qm (theoretical), was calculated
from the slope and found 58.24 mg/g. The separation factor Ry provides information of
qualitative measure of the favorability, Ry >1lindicates unfavorable adsorption while 0< Ry <1
indicates favorable process. In this study, Ry was calculated by equation (3.5) and the value

was 0.1211 which approving monolayer adsorption process [293] .

Table 3.33 C. vs C./q. data of NS at different concentration for Cr’* adsorption

Initial concentration (ppm) 125.93 175.28 196.97 240.57  278.86
Equilibrium concentration (C,) 45.73 76.16 93.81 129.54 159.11
Cdqe 1.437 1.936 2.292 2.940 3.346
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Figure 3.37 Langmuir isotherm for Cr’* adsorption on NS
3.2.2.4.2. Freundlich isotherm

Freundlich isotherm equation (3.6) was implied to justify multilayer adsorption mechanism
by plotting a graph of InC. versus Inq. (Table 3.34, Figure 3.38) and linear relationship was
observed with good regression coefficient, R*= 0.978. From the slope n was calculated and
found to be 3.24 which expressed good adsorption process [208]. Usually since n decreases,
adsorption becomes more difficult (n= 2-10 denotes good adsorption, n= 1-2 difficult

adsorption and n<1 poor adsorption) [294].

Table 3.34 InC. vs Inq. data of NS at different concentration for Cr’" ions adsorption

Initial concentration (ppm) 125.93 175.28 196.97 240.57 278.86

InC, 3.823 4.333 4.541 4.864 5.069

Inq, 3.46 3.672 3.712 3.786 3.861
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Figure 3.38 Freundlich isotherm for Cr** adsorption on NS

3.2.2.4.3. Rationalization on isotherms for Cr**adsorption

The results of different parameters of two isotherm models signify (Table 3.35) that

adsorption of Cr’*on NS obeyed both isotherm but preferably Langmuir model.

Table 3.35 Values of qn, b, Ry, n, kg and R? of adsorbent NS

Parameters qm (mg/g) b (Lmg") R* RL n kg
Langmuir isotherm 58.24 0.026 0.997 0.1211 - -
Freundlich isotherm - - 0.978 - 3.24 9.966

3.2.2.5. Adsorption kinetics for Cr** adsorption on NS

The adsorption kinetics is significant to explore how quickly ions travel from liquid to solid
phase and how long it takes to accomplish equilibrium condition. In this study, Pseudo-First-

Order and Pseudo-Second-Order kinetic models were used to justify the adsorption process.
3.2.2.5.1. Pseudo-first-order kinetic for Cr’* adsorption

The Pseudo-First-Order kinetic equation (3.7) was introduced by Lagergren in 1898 to
illustrate the adsorption process. The model was obtained by plotting a graph with log(q.-q;)
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against t (Table 3.36, Figure 3.39) where a linear affiliation was observed among log(q.-q:)

and t.

Table 3.36 Time, t(min) and log(qe-q;) data of NS at different concentration

Time,  log(qe-qo) at log(qe-qo) at  log(qe-qo) at  log(qe-qo) at  log(qe-q¢) at
t(min) 125.93 ppm 175.28 ppm  196.97 ppm  240.57 ppm  278.86 ppm
5 1.174 1.419 1.386 1.441 1.433
15 0.899 1.336 1.379 1.399 1.413
30 0.813 1.328 1.308 1.117 1.400
60 0.666 1.257 1.255 1.114 1.398
120 0.204 1.072 1.136 1.087 1.361
240 -0.119 0.964 1.027 0.939 1.174
360 - 0.248 -0.228 0.626 0.789
1.6
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Figure 3.39 Pseudo-First-Order kinetic for Cr’* adsorption on NS
3.2.2.5.2. Pseudo-second-order kinetic for Cr ** adsorption

In 1999 Ho and Mckay authenticated Pseudo-Second-Order rate reaction (3.8), and the model

was gained with a graph by plotting t/q; versus t (Figure 3.40).
102



Table 3.37 Time, t(min) and t/q, data of NS at different concentration

Time,  t/qq at t/q. at t/qq at t/qq at t/qq at

t(min) 125.93 ppm 175.28 ppm  196.97 ppm  240.57 ppm  278.86 ppm

5 0.296 0.382 0.301 0.304 0.245
15 0.628 0.851 0.884 0.789 0.694
30 1.185 1.661 1.457 0.968 1.341
60 2.208 2.82 2.614 1.932 2.662
120 3.971 4.361 4.344 3.772 4.886
240 7.727 7.964 8.078 6.786 7.366
360 11.314 9.584 8.923 9.037 8.704
480 - 12.203 - 10.894 10.1
14
12 1 ®
i v
10
8 -
S 6
4 -
J H 125.93 ppm
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4 Vv 240.57 ppm
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Figure 3.40 Pseudo-Second-Order kinetics for Cr’* adsorption on NS
3.2.2.5.3. Clarification on kinetics for Cr’* adsorption on NS

The kinetics parameters are calculated and expressed in Table 3.38 from the slop and

intercept of each linear plot.
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Table 3.38 Kinetics parameter for Cr’* adsorption on NS

Kinetics Parameters 125.93 175.28 196.97 240.57 278.86
model ppm ppm ppm ppm ppm
* -
ge (mgg l) 31.82 39.33 40.94 44.06 47.52
-
w2
E = ki(1/min) 0.0118 0.00645 0.0087 0.0044 0.0037
%]
s T 2
'g o R 0.923 0.924 0.822 0.861 0914
[P}
|75 EX3 -
A de (mgg 1) 10.21 27.05 31.41 21.33 30.13
k; (g/mg min) | 0.0041 0.00063 0.00059 0.00091 0.0004
1 1
S 'g g R’ 0.999 0.980 0.955 0.987 0.942
§ § 5 EES _1
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Figure 3.41 Comparison between experimental and calculated adsorption capacity

The linear fitting results of the two models signified that in case of pseudo-second-order
model the theoretical g. values approved with the experimental g. values. It was also
established that the correlation coefficient (Rz) value of pseudo-second-order kinetic model
was better compare to Pseudo-first-order kinetic model. The results from the Figure 3.41
prove that the calculated adsorption capacities were in good concurrence with the
experimental values in case of Pseudo-second-order kinetics. Hence, it is logical that Pseudo-

second-order model was well justified for Cr’* adsorption on NS compared to previous

model.
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3.2.2.6. Thermodynamic analysis

To verify the adsorption nature of Cr’* on NS in response to temperature whether the
adsorption process either endothermic or exothermic was also studied at different
temperature. Batch experiments were conducted at a range of temperatures to find out
thermodynamic parameters, e.g., Gibbs free energy (AG), enthalpy (AH), and entropy (AS)
using equations (2.9), (2.10) and (2.11).

Table 3.39 Temperature and time vs adsorption capacity data of NS for Cr’* ions adsorption

Time, t Adsorption Capacity (mg/g)
(min)
293K 308K 323K 338K
60 21.36 17.05 17.64 19.24
120 28.36 25.33 24.23 21.69
240 36.46 33.35 30.05 28.87
360 41.62 39.76 37.73 36.04
480 41.53 39.59 37.56 35.79
600 41.69 39.67 37.48 35.54
45
40 -
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30 -
g
S 251
-l 293K
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Figure 3.42 Temperature, time vs adsorption capacity data of NS
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In this study, 63 mg (2.5 g/LL) NS was added in to 25 mL (125.72 ppm) of Cr,(S0O4);.6H,0
solution at 5.0 pH for each experiment. The batch experiments were than shaken in an orbital
shaker at 293K, 308K, 323K and 338K temperature for different time period ranging from
60-600 min. The impact of temperature and contact duration on adsorption capacity of NS

were analyzed and presented in Table 3.39 and Figure 3.42.

With increased temperature, the adsorption capacity of NS was decreased [300]. Fact is that,
when temperature raises, the kinetic energy increases and releases of the adsorbate from NS.
At 293K temperature the equilibrium adsorption capacity was 41.62 mg/g which decreased to
39.76, 37.73, and 36.04 mg/g at 308K, 323K and 338K respectively.

Table 3.40 van’t Hoff equation 1/T vs Inkg data of NS for Cr** adsorption

1/T 0.0034 0.0032 0.003 0.0029

Inkq 0.691 0.443 0.208 0.033

A straight line was obtained through a graph by plotting 1/T versus Inkq (Table 3.40, Figure
3.43). The standard enthalpy (AH), and entropy (AS) was achieved from the slope and
intercept and were - 10.699kJ/mol and - 0.031kJ/mol (Table 3.41) respectively.

0.7

] ]
0.0

T T T T T T T T T T T
0.0029 0.0030 0.0031 0.0032  0.0033 0.0034
1/T(1/K)

Figure 3.43 van’t Hoff equation 1/T vs Inkq plot of NS for Cr’* adsorption
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Table 3.41 Thermodynamic parameters of NS for Cr’* adsorption

T(K) AG (kJ/mol) AH (kJ/mol) AS (kJ/mol K) R’

293 -1.683 - 10.699 -0.031 0.995
308 -1.134
323 -0.559
338 -0.093

The values of AG for adsorption of Cr’ on NS at the temperatures of 293K, 308K, 323K and
338K were found to be -1.683, -1.134, -0.559, and -0.093 kJ/mole, correspondingly. The
negative AG suggests that adsorption of Cr’* on NS was spontaneous and negative AH imply
the exothermic nature of process. Moreover, the negative AS signify the reduction in

randomness at the solid/solute interface during the adsorption of Cr’* on NS [295].
3.2.2.7. Plausible mechanism for Cr** adsorption on NS

Sorption mechanism related with electrostatic interaction among oppositely charged particles
through different bond formations for instance H-bonding, van der Waals force, dipole-dipole
induction, and ion-exchange. It was proven from earlier investigation that the functional
groups such as carboxyl, hydroxyl, methoxy, and phenolic groups exist in peanut shell could
attach and remove Cr-ions and the other pollutants from wastewater [294, 295]. It is assumed
that NS contains hydroxyl groups cellulose which are supposed to form hexa-coordinate

complexes with Cr’* ions from solution (Scheme 3.2).

HOH H
| %,H'U HO -7 ﬁH\]‘Q}L o+ ——— Cellulose —OH
(@]
- H A H OH - ellulose
HO: HO: :OH

Cellul OH + Cr3+ _ —.‘\Cﬁ\/

C11ulOS€ — T

HO:/ \ :‘0OH ‘OH
Cellulos

Scheme 3.2 Plausible mechanisms of Cr’* adsorption on NS
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3.2.2.8. Regeneration of used NS

The potentiality of re-using NS as adsorbent was investigated. Cr'* loaded NS was

regenerated using 1.0 M H,SO,4 and NaOH solution which was shown in the Flow chart 3.4.

d Used

Drying Adsorbent
Washing with mild Distilled Water
Alkaline Water for +
Neutral pH 20, HCl

\

Washing with
Distilled Water Shaking

Flow chart 3.4 Flow diagram of regeneration of used NS

Experimental pH, adsorbent dose and other conditions were at optimum level. The
consequences of regeneration studies are exposed in Figure 3.44 which demonstrates that
adsorption capacity gradually lowered from 34.92 to 17.46 mg/g. It is understandable that

regenerated NS can be reused to lessen Cr’* from aqueous solution.
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Figure 3.44 Adsorption capacities of regenerated NS
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3.2.2.9. Application of NS on real sample (Tanning wastewater and tannery

wastewater) for alleviation of pollution load

3.2.2.9.1. Application of NS on chrome tanning effluents

After justify the capabilities of NS in removing Cr(IIl) ions from prepared Cr,(SO4);.6H,0
solution by different batch experiments, the performance to remove chromium ions from real
sample (Chrome tanning effluent) was confirmed. To investigate the adsorption of Cr ions
from concentrated Chrome tanning effluent, 15 g of NS was put to 500 mL of Chrome
tanning effluent and shake at room temperature for 4 hours by maintaining pH 5.0. The
amount of chromium before and after adsorption was analyzed by ICP-MS and other water
quality parameter such as pH, TDS, EC, NaCl %, BODs, and COD were also tested, and the

values are represented in Table 3.42.

Table 3.42 Quality parameters of chrome tanning effluents before and after adsorption.

Parameters Before After % of DoE /ECR
adsorption adsorption removal Standard
Cr (ppm) 3276.64 1533.34 53.18 2.0
Adsorption Capacity (mg/g) - 58.11 - -
pH 4.6 5.1 - 6.5-9.2
TDS (ppm) 11723 4957 57.72 2100
EC (uS/cm) 10637 4145 61.03 1200
NaCl (%) 8.5 3.8 55.29 -
BODs (ppm) 3273 1317 59.76 <100
COD (ppm) 9632 3897 59.54 200-400
3.2.2.9.2. Application of NS on tannery effluents

To analyze the performance of NS with tannery effluent, 5 g of adsorbent NS was added to
500 mL of tannery effluent and shaken at room temperature at pH 5.0 for 4 hours. The
concentration of chromium before and after adsorption was determined by ICP-MS.
Moreover, different water quality parameter like pH, TDS, EC, NaCl %, BODs, and COD

were also tested, and the results are showed in Table 3.43.
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Table 3.43 Quality parameters of Tannery effluents before and after adsorption.

Parameters Before After % of DoE /ECR

adsorption adsorption removal  Standard

Cr (ppm) 423.28 106.23 74.84 2.0
Adsorption Capacity (mg/g) - 31.71 - -

pH 5.5 6.2 - 6.5-9.2
TDS (ppm) 7791 2724 65.04 2100
EC (uS/cm) 5348 1793 66.47 1200
NaCl (%) 4.2 1.6 61.90 -
BODs (ppm) 2207 732 66.83 <100
COD (ppm) 4278 1505 64.82 200-400
3.2.1.9.3. Discussion on real sample analysis

The experimented results indicate (Table 3.42, Table 3.43) that after adsorption, the % of
chromium removal was 53.18 % and 74.84 % but the adsorption capability was 58.11 and
31.71 mg/g in case of Chrome tanning effluents and tannery effluents respectively. In case of
tannery effluent, adsorption capacity was lower compare to prepared solution. This might be
due to the interference of different matters or ions that were being used during leather
manufacturing which decrease the capacity of the NS [298]. Moreover, after adsorption by
NS, different water quality parameters of Chrome tanning and tannery effluents were also

reduced significantly.
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3.2.3. Chemically Activated Pyrolyzed Bagasse (PB)

3.2.3.1. Preparation of PB

In a tube furnace, sugarcane bagasse was pyrolyzed at 500 £10 ° C temperature for 2 hours,
and they were consequently activated using analytical grade NaOH. Chemical activation was
carried out by adding 25% NaOH with pyrolyzed bagasse and left for 24 hours. The next day,
the products was rinsed by distilled water before being dried in air oven at 110-115 °c.

Carbonization process usually enhanced the carbon content and create porosity and chemical
activation is to extend pores [285]. The activated dried pyrolyzed bagasse (PB) were

powdered and employed in this study.

VR o8 B ~ Washing
LA E> and drying
of bagasse

Pyrolyzing E> Chemical
of bagasse activation
. <] Powered PB J <] Grinding ‘ <] Drying <] Washing

Flow chart 3.5 Flow diagram of PB preparation

3.2.3.2. Characterization of PB
3.2.3.2.1. Elemental analysis of PB

To explore the elements of adsorbent PB before and after Cr(Ill) adsorption, EDX analysis
was conceded. Figure 3.45 showed that the chemical composition of PB before and after
Cr(IIT) adsorption were mainly carbon, oxygen, phosphorus, sulfur, potassium, calcium etc.
However, chromium was added after adsorption process. In spectrum (a), the quantity of C,
N, O, P, S, K, Ca and Cr were 58.80, 4.37, 18.87, 7.02, 4.95, 2.19, 3.80, and 0.00 measured in
atomic % respectively, while in spectrum (b), the values were 59.31, 3.20, 25.03, 4.36, 4.33,
ND, 1.45, and 2.32 respectively, which signify Cr(III) adsorption on to PB.
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Figure 3.45 Energy dispersive X-ray (EDX) spectrum of PB (a) before and (b) after Cr(III)

adsorption.
3.2.3.2.2. FTIR analysis of PB

The FTIR spectroscopy provides information of the functional groups present in PB faces a
number of modification during the chemical activation and Cr(III) ion adsorption processes,

shown in Figure 3.46.
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Figure 3.46 FTIR spectra of PB-1 (pyrolyzed bagasse), PB-2 (NaOH activated pyrolyzed

bagasse), and PB-3 (Cr(IlI) loaded NaOH activated pyrolyzed bagasse).
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It is also observed that the intensity of major bands present in PB after chemical activation
was more and some functional groups shifted to different frequency level [284]. The FTIR
spectra of PB-1, PB-2, and PB-3, the existence of —OH groups led to the observation of broad
peaks at 3379, 3375, and 3383 cm™! respectively. Peaks at 1735, 1766 and 1670 cm’!
demonstrating that -C=0 groups were also available in the spectra. C-H stretching vibrations
were seen at 2943 cm™ in PB-1; 2947 cm™ in PB-2 and 2939 cm™ and 2831 cm™' in PB-3. The
peak at 1666 cm'l, 1670 cm'l, 1670 cm’! represent alkene C=C and aromatic C=C (1600-
1475 cm’l) in PB-1, PB-2, and PB-3, region respectively [301]. Moreover, the peak between
1100 and 1300 cm™ represents C-O (alcoholic, esters) groups of the adsorbent.

3.2.3.2.3. Scanning electron microscopic (SEM) analysis of PB

SEM was utilized to analyze the surface morphology of NaOH activated PB and the image is
presented in the Figure 3.47. The figure illustrated that it has apertures, an rough, assorted

structure, and lamellar texture which facilitate the adsorption process in aqueous solutions

[194].

206V *x«‘sﬁo 10pm

Figure 3.47 SEM image of PB (a) 500x, and (b) 1500x magnification
3.2.3.2.4. X-Ray diffraction (XRD) analysis of PB

There was no sharp peak associated with the crystalline phase in the XRD pattern. It displays
a distinctive peak of carbonaceous components. Owing to the amorphous structure with a
high level of disorder of PB, a hump in the range of 26 = 20 - 30° and a peak at 20 = 22.5°
were observed (Figure 3.48). The presence of amorphous carbon is indicated by the broad

and weak peaks in the XRD pattern of PB [288].
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Figure 3.48 XRD analysis of PB
3.2.3.2.5. Brunauer-Emmett-Teller (BET) analysis of PB

Surface area, pore volume, and pore diameter of PB were analyzed by nitrogen gas sorption
system are presented in Table 3.44. Chemically activated PB had low surface area of 3.68
mz/g could be due to the breakdown of cell walls [289]. Barrett-Joiner-Halenda (BJH)
method was followed to decide the average pore diameter, and it was 89.41 A, which suggest

that PB consists of mesopores [193].

Table 3.44 BET surface area and porosity of PB

SI. No. Parameter Result
01. BET Specific Surface Area using multi-point analysis (m®/g) 5.72

02. Total Pore Volume (cc/g) 0.0218
03. Skeletal density (g/cc) 1.1950
04. Porosity based on skeletal density (per gram of sample) 0.0254
05. Average Pore Diameter, 4V/S (A) 152.32
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Figure 3.49 Adsorption and desorption isotherms of BET to PB

3.2.3.2.6. Zeta potential value of PB

Zeta potential value (ZPV) of PB was also investigated as a function of pH. PB sample was
prepared by dispersing PB in deionized water to study the ZPV of PB. The experiment was
controlled in the pH range of 3.0-5.0.

Table 3.45 pH vs Zeta potential data of PB

pH 3 3.5 4 45 5

Zeta potential value (mV) 17.1 12.6 2.31 -28.6 -31.5
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From the Table 3.45 and Figure 3.50 signify that ZPV of PB was positive (17.7-2.3 mV) at
3.0 — 4.0 pH, while the values were negative (-28.6 to -31.5 mV) with an increase of pH from
4.51t05.0.
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Figure 3.50 ZPV of PB at different pH
3.2.3.3. Adsorption Cr(III) ions on PB
3.2.3.3.1. Effect of pH on adsorption capacity of PB for Cr’* ions adsorption

The impact of pH on Cr’* ions adsorption by PB was studied with 280.78 ppm solution of
Cr,(S04);.6H,0 by varying it in the range of 3.0 to 5.0. In the experiment 63 mg PB were
added in each solution (25 mL) and were shaken at 160 rpm for 4 hours. After filtering the
mixtures the change in Cr’" ions concentrations were determined by UV-Vis spectroscopy. It
is comprehensible from the Table 3.46 and Figure 3.51 that adsorption capacity of PB was
enhanced with higher pH of the solution and the best capacity was 60.94 mg/g at pH 5.

Table 3.46 pH v/s adsorption capacity data of PB for Cr’* ions adsorption

pH 3 3.5 4 4.5 5

Adsorption Capacity (mg/g) 46.93 55.2 54.76 58916 60.94
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Figure 3.51 Effect of Cr-salt solution’s pH on adsorption capacity of PB for Cr’* ions

adsorption

It is assumed that the ion exchange (which was evident from the EDX analysis Figure 3.45)
and H-bonding might be the main mechanism for the removal of heavy metals [290]. At
lower pH value (3.0) the adsorption efficiency was low, because of the feisty adsorption of
same positive charge of H" and metal ions with similar adsorption site. While, at higher pH
values (4.5 — 5.0), the lower number of protons and greater number of negative charges
ensuing higher Cr(III) adsorption. According to the data from ZPV (Figure 3.50), the surface
negativity of PB was increased as pH increased.

At Higher pH
—ROH el 4

—RO + HY

At Lower pH

In this study, all batch experiments were conducted at 5.0 pH to acquire highest adsorption
capacity in addition to avoid precipitation of Cr’* [291]. Moreover, at pH >6 Cr’* can be
precipitated from the aqueous solution as Cr(OH); [292]. The results agreed with previous
literature [237] and Cr speciation (Figure 1.1), it was observed that at pH >3 ionic species
such as CrOH**, Cr(OH)," and adsorbent showed higher affinity to these species than for free
Cr(I1I) ion.

118



3.2.3.3.2. Effect of adsorbent dosage on adsorption capacity of PB for Cr* ions

adsorption and % of removal

Effect of adsorbent dosage on Cr(IIl) adsorption was studied by changing the dosage from
1.5 to 4.0 g/L to find out the optimum dose. The batch experiments were conducted for 4
hours with 240.57 ppm initial concentration at optimum pH 5.0. It is showed that (Table
3.47, Figure 3.52) % of Cr(IIl) removal was raised 42.09 to 84.99% whereas adsorption
capacity was reduced 66.32 to 50.89 mg/g with the increase of PB dosage.

Table 3.47 Dosage v/s adsorption capacity and % removal data of PB

Dosage (g/L) 1.5 2 2.5 3 3.5 4

Adsorption Capacity (mg/g) 66.32 61.26 59.08 54.09 52.02 50.89

Removal (%) 42.09 51.15 62.16 67.76 76.55 84.99
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Figure 3.52 Effect of PB Dosage on adsorption capacity and % removal

The availability of more adsorption sites is responsible to enhanced the % removal of Cr(IIl),
but additional unsaturated sites reduce the adsorption capacity with more adsorbent dosage
[302]. It was also observed that at dose 2.5 g/LL showed the best % removal also best

adsorption capacity and employed all over the study.

119



3.2.3.3.3. Effect of Cr’* concentrations and contact time on adsorption capacity of PB

for Cr**adsorption

To evaluate the effect of Cr’*ions concentrations and contact duration on adsorption
efficiency of PB, 25 mL solutions of four different concentrations (125.93, 175.28, 196.97,
and 240.57 ppm) were taken in conical flasks and then added 63 mg (2.5 g/L) PB in to each
solution. The batch experiments were performed at 5.0 pH by specific time intervals ranging

from 5-600 minutes with constant shaking speed 160 rpm.

Table 3.48 Time vs adsorption capacity data of PB for Cr’* ions adsorption

Time (min) Adsorption capacity (mg/g)

125.93 ppm 17528 ppm  196.97 ppm  240.57 ppm

0 0 0 0 0

5 13.25 36.04 37.89 25.57
15 22.12 43.72 41.95 32.33
30 22.28 47.26 42.71 32.83
60 29.79 48.03 48.36 42.29
120 31.65 48.82 48.62 45.99
240 36.72 49.21 52.42 51.82
360 39.25 49.88 55.37 58.83
480 40.09 51.48 55.54 60.68
600 40.68 51.56 55.79 60.71

The results (Table 3.48, Figure 3.53) signify that adsorption capacity were increased with
increasing duration until it reached at equilibrium. It was established that adsorption capacity
reached at equilibrium almost after 480 minutes and the adsorption capacity was increased
with higher metal ion concentration. At 125.93 ppm initial Cr’* concentration, adsorption
capacity was 40.09 mg/g while at 175.28, 196.97, and 240.57 ppm concentration, adsorption
capacity was 51.489, 55.37, and 60.68 mg/g accordingly.
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Figure 3.53 Effect of Cr’* concentrations and contact time

The justification is because at starting time there were adequate active sites available, but
after certain time these sites got saturated [203]. Moreover, the equilibrium adsorption
capacity was increased with higher Cr’* ion concentration. It is due to the gradient of
concentration between the Cr(IIl) ion in bulk solution and adsorbent surface, which causes

mass transfer within aqueous and solid phase [218].
3.2.3.4. Adsorption isotherms for Cr** adsorption on PB

To assess the relationship between the amount of adsorbate adsorbed on the adsorbent,
frequently investigated by analyzing the experimental data with Langmuir and Freundlich
isotherm. In the Langmuir isotherm, the adsorbate is implicit to be absorbed on the adsorbent
in a monolayer on well-defined with no intermolecular interactions. However, Freundlich

isotherm assumes multilayer also suggest non-uniform distribution.
3.2.3.4.1. Langmuir isotherm

The Langmuir isotherm model was analyzed by equation (3.4) plotting Cc/q. versus C.
(Table 3.49, Figure 3.54). A linear link between C./q. and C. was observed with acceptable
regression factor (R?=0.999). Maximum adsorption capacity qu (theoretical), was calculated

from the slope and observed 74.63 mg/g. The separation factor Ry, provides information of
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qualitative measure of the favorability, Ry >lindicates unfavorable adsorption while 0<
Rp<lindicates favorable process. In this study, Ry was calculated by equation (3.5) and the

value was 0.0767 indicates favorable monolayer adsorption process [303] .

Table 3.49 C. vs C./q. data of PB at different concentration for Ccr’* adsorption

Initial concentration (ppm) 125.93 175.28  196.97 240.57

Equilibrium concentration (C,) 24.894 45.526 57.438 87.648

Ce/qe 0.599 0.884  1.037 1.444
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Figure 3.54 Langmuir isotherm for Cr’* adsorption on PB
3.2.3.4.2. Freundlich isotherm

The experimental data was justified for multilayer adsorption mechanism through Freundlich
isotherm equation (3.6) by plotting a graph of InC. versus Inq. (Table 3.50, Figure 3.55) and
linear connection was observed with good regression coefficient, R’= 0.973. From the slope n

was calculated and found to be 2.985 which showed good adsorption process [208].

Table 3.50 InC. vs Ing. data of PB at different concentration

Initial concentration (ppm)  125.93 175.28 196.97 240.57

InC, 3.215 3.818 4.051 4.473

Inq, 3.691 3.941 4.016 4.106
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Figure 3.55 Freundlich adsorption isotherm for Cr') adsorption on PB
3.2.3.4.3. Explanation on isotherms for Cr** adsorption

The results of different parameters of the models imply (Table 3.51) that adsorption of Cr **

on PB comply both Langmuir and Freundlich isotherm but preferably the Langmuir model.

Table 3.51 Theoretical values of qn, b, Ry, n, kg and R? of adsorbent PB

Parameters qm (mg/g) b (Lmg") R’ RL n kg
Langmuir isotherm 74.63 0.05 0.999 0.0767 - -
Freundlich isotherm - - 0.973 - 2.985 13.94

3.2.3.5. Adsorption kinetics for Cr** adsorption on PB

The adsorption kinetics is significant to examine how rapidly ions move from aqueous to
solid phase and how much time it takes to reach equilibrium. In the study, two kinetic models
(Pseudo-First-Order and Pseudo-Second-Order) were analyzed to express the adsorption

process.
3.2.3.5.1. Pseudo-first-order kinetics

To illustrate the adsorption, process the pseudo-first-order kinetic equation (3.7) was

introduced by Lagergren in 1898. Pseudo-first-order kinetic model was obtained by plotting a
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graph with log(qe.-q;) against t (Table 3.52, Figure 3.56) where a linear affiliation was

achieved in between log(qe-q;) and t.

Table 4.52 Time, t(min) and log(qe-q;) data of PB at different concentration

Time, log(qe-q¢) at  log(qe-q¢) at  log(qe-q¢) at  log(qe-qy) at
t(min) 125.93 ppm 175.28 ppm  196.97 ppm  240.57 ppm

5 1.425 1.189 1.242 1.545
15 1.254 0.89 1.128 1.452
30 1.25 0.625 1.102 1.445
60 1.013 0.539 0.845 1.265
120 0.926 0.426 0.829 1.167
240 0.527 0.358 0.469 0.947
360 -0.076 0.205 - 0.268
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Figure 3.56 Pseudo-First-Order kinetics for Cr’* adsorption on PB

3.2.3.5.2. Pseudo-second-order reaction kinetics
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In 1999 Ho and Mckay presented pseudo-second-order rate reaction (3.8). The model was

analyzed with a graph by plotting t/q; versus t (Figure 3.57).

Table 3.53 Time, t (min) and t/q; data of PB at different concentration

Time, t/q. at t/q, at t/q; at t/q. at

t(min) 125.93 ppm 175.28 ppm  196.97 ppm  240.57 ppm

5 0.377 0.139 0.132 0.196

15 0.678 0.343 0.358 0.464

30 1.346 0.635 0.702 0.914

60 2.013 1.249 1.241 1.419

120 3.791 2.458 2.468 2.609

240 6.536 4.877 4.578 4.631

360 9.172 7.274 6.495 6.119

480 11.973 9.322 - 7.909
12
10
.
.
.
.

T T T T T T T T T T
0 100 200 300 400 500
Time, t (min)

Figure 3.57 pseudo-second-order kinetics for Cr’* adsorption on PB
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3.2.3.5.3. Explanation on kinetics model

The kinetic models parameters are calculated from the slop and intercept of each linear plot

are presented in Table 3.54.

Table 3.54 pseudo-first-order and pseudo-second-order kinetics parameters

Kinetics Parameters 125.93 ppm 175.28 ppm 196.97 ppm 240.57 ppm
model
qe (mgg") 40.09 51.489 55.37 60.685
g . k;(1/min) 0.0089 0.0047 0.0069 0.0074
?f), E R* 0.978 0.662 0.924 0.853
& qe (mgg ") 22.86 7.01 14.89 34.36
k, (g/mg min) 0.00109 0.00478 0.00215 0.00064
?f), % %3 R’ 0.997 0.999 0.997 0.993
) 41.49 51.07 55.62 62.23

" Experimental, Theoretical

The linear fitting results of the two models proposed that in case of pseudo-second-order
model the theoretical q. values matched better with the experimental g. values. It was also
found that the correlation coefficient, R? values (0.997, 0.999, 0.997, and 0.993) of pseudo-

second-order kinetic model was better than that of pseudo-first-order kinetic (0.978, 0.662,
0.924, and 0.853) model.

- Experimental 60.685 62.23
60 - First-order
- Second-order
E 51.489
45
oY
Bp
E 30
=
15
0 -

125.93 ppm

175.28 ppm 196.97 ppm 240.57 ppm
Figure 3.58 Comparison between experimental and calculated adsorption capacity
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Figure 3.58 illustrated that the calculated adsorption capacities were in good agreement with
the experimental values of pseudo-second-order kinetics. Therefore, it is logical that pseudo-
second-order model was better fitted for Cr(IIl) adsorption on PB compared to the Pseudo-

First-Order model.
3.2.3.6. Thermodynamic analysis for Cr’* adsorption on PB

To understand the nature (endothermic or exothermic) of adsorption process of Cr(II) on PB
was studied at different temperature. Batch experiments were attempted at various
temperatures to assess thermodynamic parameters, e.g., Gibbs free energy (AG), enthalpy
(AH), and entropy (AS) by the equations (3.9), (3.10) and (3.11). For this study, 63mg (2.5
g/L)) PB was added in to 25 mL (149.75 ppm) of Cr,(SO4)3;.6H,O solution at 5.0 pH for each
experiment. The batch experiments were than shaken in an orbital shaker at 293K, 308K,
323K and 338K temperature for different time period ranging from 60-600 minutes. The
impact of temperature and contact duration on adsorption capacity of PB were investigated

and showed in Table 3.55 and Figure 3.59.

Table 3.55 Temperature and time vs adsorption capacity data of PB for Cr*

Adsorption Capacity (mg/g)

Time (min)
293K 308K 323K 338K
0 0 0 0 0

60 39.69 24.65 27.18 20.68
120 42.04 29.29 27.26 29.79
240 47.18 47.27 41.27 37.39
360 51.65 49.21 46.85 44.57
480 51.49 49.79 46.59 44.06
600 51.83 49.29 46.34 44.73

The result showed that the adsorption capacity of PB was decreased at higher temperature.
This might be happened as temperature rises, the kinetic energy increases and releases of the
adsorbate from PB [304]. At 293K temperature the equilibrium adsorption capacity was
51.65 mg/g which decreased to 49.21 mg/g, 46.85 mg/g, and 44.57 mg/g at 308K, 323K and
338K correspondingly.
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Figure 3.59 Effect of temperature and time of Cr’* adsorption on PB

Table 3.56 Van’t Hoff equation 1/T vs Inkq data of PB for Cr’* adsorption

InKq

/T 0.0034 0.0032 0.003 0.0029
Inkqy 0.969 0.648 0.391 0.174
1.0
0.8
0.6
0.4 m
0.2 -

T T T T T T T T T T T
0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
1/T (1/K)

Figure 3.60 Thermodynamics of Cr’* adsorption on PB
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A straight line was attained through a graph by plotting 1/T versus Inky (Table 3.56, Figure
3.60). The standard enthalpy (AH), and entropy (AS) was obtained from the slope and
intercept and were -12.797 kJ/mol and -0.0355 kJ/mol (Table 3.57) respectively.

Table 3.57 Thermodynamic parameters of PB for Cr adsorption

T(K)  AG (kJ/mol) AH (kJ/mol)  AS (kJ/mol K) R’

293 -2.36 - 12.797 - 0.355 0.994
308 -1.659
323 -1.05
338 -0.489

At the temperatures of 293K, 308K, 323K and 338K, the values of AG for adsorption of crt
on PB were found to be -2.36, -1.659, -1.05 and -0.489kJ/mol, respectively. The negative AG
suggest that adsorption of Cr**on PB was spontaneous and negative AH indicated exothermic
in nature. Additionally the negative AS revealed less randomness at the solid/solute interface

through the adsorption of Cr’*on PB [295].
3.2.3.7. Plausible mechanism for Cr**adsorption on PB

Adsorption mechanism deals with the electrostatic interaction among oppositely ionized
particles by dint of various bond formations like H-bonding, Van der Waals force, dipole-

dipole induction, ion-exchange and so on.

HOH H
lgl,HO HO “H\T;Q}\ o+ ——  Cellulose —OH
(0]
. H H H oH |

ellulose

HO: HO: :OH
. N |
Cellulose—OH + Cr* —> /Cr‘ +
H .

o7 N ou -oH

Cellulos

Scheme 3.3 Plausible mechanisms of Cr’* adsorption on PB
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It was exposed from earlier research that the functional groups like carboxyl, hydroxyl,
methoxy, and phenolic groups present in pyrolyzed bagasse could attract and remove Cr’*
ions along with other impurities from effluents [296], [297]. In this study it is assumed that
PB contains hydroxyl group cellulose which is believed to figure hexa-coordinate complexes

with Cr’* ions from the solution (Scheme 3.3).
3.2.3.8. Regeneration of used PB for Cr3+adsorpti0n

The probability of re-using PB as adsorbent was investigated. Cr’* loaded PB was
regenerated using 1.0 M H,SO, and NaOH solution four times which was shown in the Flow

chart 3.6.

d Used

Drying Adsorbent
Washing with mild Alkaline Distilled Water +
Water for Neutral pH 2% HCl
Washing with
Distilled Water Shaking

Flow chart 3.6 Flow diagram of regeneration of used PB
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Fresh PB Recycle-1 Recycle-2 Recycle-3 Recycle-4

Figure 3.61 Adsorption capacities of regenerated PB
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Experimental pH, adsorbent dose and other conditions were at optimum level. The results of
regeneration studies are presented in Figure 3.61 which shows that adsorption capacity step
by step decreased from 50.39 mg/g to 17.86 mg/g. It is cleart that regenerated PB can be

reused to remove Cr’* from aqueous solution.

3.2.3.9. Application of PB on real sample (Tanning wastewater and tannery

wastewater) for alleviation of pollution load

3.2.3.9.1. Application of PB on Chrome tanning wastewater

After evaluating the capabilities of PB to remove Cr’* ions from Cry(S04)3.6H,0 solution
through a number of batch experiments, the effectiveness in removing of chromium ions from
real sample (tanning wastewater) was justified. In order to observe the adsorption of Cr ions
from concentrated chrome tanning effluent, 15 g of PB was added to 500 mL of Chrome
tanning effluent and shaken at room temperature for 4 hours duration at pH 5.0. The
concentration of chromium before and after adsorption was analyzed by ICP-MS and other
water quality parameter such as pH, TDS, EC, NaCl %, BODs, and COD were also tested,

and the values are presented in Table 3.58.

Table 3.58 Quality parameters of Chrome tanning effluents before and after adsorption.

Parameters Before After % of DoE/ECR
adsorption adsorption removal Standard

Cr(ppm) 3276.64 1103.19 66.33 2.0

Adsorption capacity (mg/g) - 72.45 - -

pH 4.6 5.2 - 6.5-9.2

TDS (ppm) 11723 3972 66.12 2100

EC (uS/cm) 10637 3834 63.96 1200

NaCl (%) 8.5 34 60.00 -

BODs (ppm) 3273 1288 60.64 <100

COD (ppm) 9632 3452 64.16 200-400
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3.2.3.9.2. Application of PB on tannery wastewater

To investigate the performance of PB with tannery effluent, 5 g of adsorbent PB was added to
500 mL of tannery effluent by shaking at room temperature for 4 hours at pH 5.0. The
concentration of chromium before and after adsorption was determined by ICP-MS.
Moreover, water quality parameter such as pH, TDS, EC, NaCl %, BODs, and COD were

also tested, and the results are showed in Table 3.59.

Table 3.59 Quality parameters of Tannery effluents before and after adsorption.

Parameters Before After % of DoE/ECR
adsorption adsorption removal Standard

Cr (ppm) 423.28 72.46 82.88 2.0

Adsorption Capacity (mg/g) - 35.04 - -

pH 5.5 6.3 - 6.5-9.2

TDS (ppm) 7791 2583 66.85 2100

EC (uS/cm) 5348 1564 70.76 1200

NaCl (%) 4.2 1.5 64.29 -

BODs (ppm) 2207 619 71.95 <100

COD (ppm) 4278 1271 70.29 200-400

3.2.1.9.3. Discussion on real sample analysis

The results showed (Table 3.58 and Table 3.59) that after adsorption, the % of chromium
removal was 66.33 % and 82.88 % but the adsorption capacity was 72.45 and 35.04 mg/g in
case of Chrome tanning effluents and tannery effluents correspondingly. In case of tannery
effluent, adsorption capacity was much lower compare to prepared solution could be due to
the interference of other matters or ions that are being incorporated in leather manufacturing
which decrease the capacity of the PB [298]. However, after adsorption with PB the water
quality parameters (pH, TDS, EC, NaCl %, BODs, and COD) of collected Chrome tanning

and tannery effluents were also decreased notably.
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3.3. Part 3: Preparation, Characterization and Application of Adsorbent to
Remove Leather Dye C.I. Acid Red 73 (AR73) from aqueous solution and
tannery effluents.

3.3.1. Preparation of potato peel powder (PP)

Collected potato peels were washed and cut into small pieces. After that, pieces potato peels
were dried out in air oven at 60 °C for 48 hours. The dried peels were then powdered in a
stainless grinding machine and preserved in an air tight bottle. Powdered potato peels (PP)

were used as adsorbent in this study to remove dye from aqueous solution and tannery

|:> Washing |:> Cutting |:> Drying

—_—

~ {0 Powdered PP (| Grinding

Flow chart 3.7 Flow diagram of PP preparation

effluents.

3.3.2. Characterization of PP
3.3.2.1 Chemical composition of PP

Composition of potato peel [303 - 304] from the Table 3.60 it is observed that the highest

component was carbohydrate and protein and others are minor components.

Table 3.60 Proximate chemical composition of potato peel

Component Dry weight (%)
Moisture 11.2
Carbohydrate 64.47 - 66.74
Protein 12.50 - 13.52
Fibre 8.71

Fat 2.20
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3.3.2.2. Elemental analysis of PP

Dye laden EDX image of PP revealed an increase in elements composition after adsorption.

The functional group of the adsorbent and the reactive groups of the adsorbate may be

responsible for the change in elemental composition of dye loaded PP. There was a

noticeable mass transfer of the C-group of the adsorbate onto the PP surface was observed

whilst oxygen was consumed [252].
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Figure 3.62 Energy dispersive X-ray (EDX) spectrum of PP (a) before and (b) after dye

adsorption.



3.3.2.3. FTIR analysis of PP

The FTIR spectrum of PP in the range of 4000 to 600 cm™ before and after dye adsorption is
presented in Figure 3.63. The spectrum displays many peaks reflecting the complex nature
of PP. The peak at 3321 cm™ in PP-1 and 3360 cm™ and PP-2, was due to OH stretching
vibration which suggests the presence of alcohols and phenols [307]. The band at 2931 and
2920 cm™ were attributed to the saturated aliphatic -CH groups. The peak associated to OH
and COOH were detected at 1639, 1450, 1280 and 1072 cm’ in case of PP-1, whereas,
another significant peak was 1377 cm™ of aliphatic C-H [300]. The FTIR spectrum of PP
after dye adsorption exhibit changes due to may be complex bonding, hydrogen bonding or
other electrostatic interaction. The intensity of the peaks after dye adsorption were relatively

more compare to before dye adsorption [192, 201].
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Figure 3.63 FTIR spectra of PP-1 (Potato peel powder before dye adsorption), PP-2 (Potato
peel powder after dye adsorption)
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3.3.2.4. Scanning Electron Microscopic (SEM) analysis of PP

Surface morphology of PP was showed through the SEM image (Figure 4.64) which has

rough and porous structure that support the adsorption process for dye removal [201].

Figure 3.64 SEM images of PP (a) 1000x, and (b)2000x magnification

3.3.2.5. X-Ray diffraction (XRD) analysis of PP

There was no well-defined peak associated with the crystalline phase in the XRD pattern. It

displays a typical peak of carbonaceous compound.
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Figure 3.65 XRD analysis of PP
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A hump in the range of 20 = 15-25° and a peak at 20 = 17.16° were observed (Figure 3.65)
due to the amorphous structure with a high degree of disorder of PP. The presence of

amorphous carbon is indicated by the broad and weak peaks in the XRD pattern of PP [288].
3.3.2.6. Brunauer-Emmett-Teller (BET) analysis of PP

Surface area, pore volume, and pore diameter of PP were analyzed by nitrogen gas sorption
system are presented in Table 3.61. Powdered PP had low surface area of 2.00 m*/g may be
due to the breakdown of cell walls [287, 306]. Barrett-Joiner-Halenda (BJH) method was
followed to compute the average pore diameter was 85.98A, which suggest that PP consists

of mesopores [193].
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Figure 3.66 Adsorption and desorption isotherms of BET to PP
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Table 3.61 BET surface area and porosity of PP

SI. No. Parameter Result
01. BET Specific Surface Area using multi-point analysis (m®/ 2) 2.00

02. Total Pore Volume (cc/g) 0.0043
03. Skeletal density (g/cc) 1.8649
04. Porosity based on skeletal density (per gram of sample) 0.0080
05. Average Pore Diameter, 4V/S (A) 85.98

3.3.2.7. Zeta potential value of PP

To investigate the role of pH of PP on Zeta potential value (ZPV) was examined. PP sample
was prepared by dispersing PP in deionized water to analyze the ZPV. The study was

performed in the pH range of 2.0-10.0.

Table 3.62 pH vs Zeta potential data of PP

pH 2 4 6 8 10

ZPV (mV) 0.597 0.264 -0.186 -0.306 -0.393

0.6 |

0.4
0.2 \
0.0 |

0.2 _ -\

-0.4 -

ZPV(mV)

Figure 3.67 Zeta potential value of PP at different pH
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From the Table 3.62 and Figure 3.67, it is revealed that ZPV of PP was positive (0.264 mV)
up to 4.0 pH, while with an increase of pH from 6.0 to 10.0, the values were negative (-0.186
to -0.393 mV).

3.3.3. Adsorption of leather dye C.I. Acid Red 73 (AR73) on PP

3.3.3.1. Calibration curve of dye AR73

A calibration curve was developed by using 5, 25, 50, 75, 100, 125, and 150 ppm dye
solutions in UV-visible spectroscopy by spectrophotometric method (Table 3.63 and Figure
3.68). Unknown concentration was measured before and after dye adsorption with reference

to this calibration curve. After then adsorption capacity or % of removal was computed

through the equation (3.1), or (3.2) and (3.3) respectively.

Table 3.63 Concentration vs absorbance data of dye (AR73) solutions

Conc. (ppm) 5 25 50 75 100 125 150

Absorbance 0.1914  0.6274 1.2083 1.734 22904  2.8633  3.3912

3.5 4
3.0 —
2.5 —
20-

1.5

Absorbance

1.0

0.5

0.0 T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160
Concentrations (ppm)

Figure 3.68 Calibration curve of dye (AR73) solutions
3.3.3.2. Effect of pH on adsorption capacity of PP for dye adsorption

The impact of pH on the adsorption of dye (AR73) on PP was studied with 150 ppm dye

solution by varying it in the range of 2.0 to 7.0. In these experiment 50 mg PP were added in
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each solution (25 mL) and then shaken at 160 rpm for 2 hours. After filtering the mixtures
any change in dye concentrations were determined by UV-Vis spectroscopy. It is visible from
the Table 3.64 and Figure 3.69 that adsorption capacity of PP was decreased with higher pH
(2.0 to 7.0) and the utmost capacity was 74.99 mg/g at pH 2.0.

Table 3.64 pH v/s adsorption capacity data of PP for dye (AR73) adsorption

pH 2 3 4 5 6 7

Adsorption Capacity, q (mg/g) 74.99 71.38 49.78 3392 3589 342

80

I\-

70

Capacity, q (mg/g)

40
—

30 T T T T T T T T T T T
2 3 4 pH 5 6 7

Figure 3.69 Effect of dye solution’s pH on adsorption capacity of PP for dye adsorption

It is predictable that ion exchange and H-bonding may be the principle mechanism to remove
dye [290]. At lower pH (2.0) the adsorption capacities found to be high due to the higher
number of protons ensuing higher adsorption of anionic dye (AR73). On the other hand
surface negativity of PP was increased with higher pH which was observed from the ZPV

(Figure 3.67), hence anionic dye AR73 adsorption on pp was decreased [309].

At Lower pH
Dye—S0;Na _" OWET Pl hves0H
Higher pH
_ S————=Dye—SO0;"
Dye 503Hm ye 3

In the study, all batch experiments were performed at pH 2.0 to achieved highest adsorption

capacity.
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3.3.3.3. Effect of adsorbent dosage on adsorption capacity of PP for dye (AR73)

adsorption and % of removal

Effect of adsorbent dosage on dye (AR73) adsorption was analyzed by applying various
dosage from 0.5 to 3.0 g/L to set the optimum dose. The batch experiments were run for 2

hours with 150 ppm initial concentration at optimum pH 2.0.

Table 3.65 Dosage v/s adsorption capacity and % removal data of PP

Dosage (g/L) 0.5 1 1.5 2 2.5 3

Adsorption Capacity (mg/g) 25144 13892 9563 7346 5939  49.98

Removal (%) 83.81 92.61 95.63 97.95 98.99 99.96
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Figure 3.70 Effect of PP Dosage on adsorption capacity and % removal of dye

It is showed that (Table 3.65, Figure 3.70) % of dye removal was increased 83.81 to 99.96 %
whereas adsorption capacity was decreased 251.44 to 49.98 mg/g with the increase of PP
dosage. The availability of more adsorption sites is thought to improve the % removal of dye,
but more unsaturated sites minimize the adsorption capacity with higher adsorbent dosage
[159]. It was revealed that almost 1.00 g/L dose exhibits the best % removal also best

adsorption capacity. However, for simplification 1.0 g/L. dose were used all over the study.
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3.3.3.4. Effect of dye concentrations and contact time on dye (AR73) adsorption

To search the impact of dye (AR73) concentrations and contact duration on adsorption
capacity of PP, 20 mL solutions of four different concentrations (100, 150, 200, and 300,
ppm) were taken in conical flasks and then 20 mg (1.0 g/L) PP was added to of each solution.
The experiments were carried out at pH 2.0 by several time gaps ranging from 5-120 minutes

with constant shaking speed 160 rpm.

Table 3.66 Time vs adsorption capacity data of PP for dye adsorption

Adsorption capacity (mg/g)

Time (min)
150 ppm 200 ppm 250 ppm 300 ppm

0 0 0 0 0

5 125.25 156.58 186.28 200.47
10 130.21 157.95 187.98 208.73
15 130.26 159.71 187.83 2124
20 131.99 161.75 189.87 214.68
30 133.69 163.85 192.08 217.26
40 133.72 163.92 191.97 218.94
60 133.08 164.09 192.19 217.84
120 133.95 163.8 192.08 218.94

The findings (Table 3.66, Figure 3.71) revealed that adsorption capacity increased with
increasing duration until it reached at equilibrium and after then, there was no significant
increase in adsorption capacity. It was proven that adsorption capacity reached at equilibrium
almost after 30 minutes, and adsorption capacity increased with higher dye concentration. In
case of 150 ppm initial dye concentration, equilibrium adsorption capacity was 133.69 mg/g
while at 200, 250, and 300 ppm concentration, adsorption capacity was 163.85, 192.08, and
217.26 mg/g correspondingly. The uppermost adsorption capacity 217.26 mg/g was attained
with 300 ppm solution.
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Figure 3.71 Effect of dye concentrations and contact time on adsorption capacity

The clarification is because initially there were more active sites available, but after certain
time these sites got saturated [203]. Moreover, the equilibrium adsorption capacity was
increased with higher dye concentration. It is because, the resistance to dye uptake decreased

since the mass transfer driving force between the aqueous and solid phase increase [201, 308]

3.3.4. Adsorption isotherms for dye adsorption on PP

Adsorption isotherm tells the correlation within the number of adsorbates adsorbed on the
adsorbent, commonly examined the experimental data with Langmuir and Freundlich
isotherm. In Langmuir isotherm, the adsorbate is expected to be absorbed on the adsorbent in

a monolayer on well-defined with no intermolecular interactions, however, Freundlich

isotherm reflects multilayer adsorption with non-uniform distribution [311].

3.3.4.1. Langmuir isotherm for dye (AR73) adsorption

The Langmuir isotherm model was exercised by equation (3.4) plotting C/q. versus C.
(Table 3.67, Figure 3.72). A linear link between C./q. and C. was observed with acceptable
regression factor (R* = 0.989). Maximum adsorption capacity qm, (theoretical), was calculated
from the slope and found 258.39 mg/g. The separation factor Ry, provides information of

qualitative measure of the favorability, Ry >lindicates unfavorable adsorption while 0<
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Ry <lindicates favorable process. In this study, Ry was calculated by equation (3.5) and the

value was 0.0565 indicates favorable monolayer adsorption process [293] .

Table 3.67 C. vs C./q. data of PP at different concentration for dye adsorption

Initial concentration (ppm) 150 200 250 300

Equilibrium concentration (C,) 16.31 36.15 57.92 82.74

Cd/qe 0.122 0.22 0.302 0.381

[
0-10 T T T T T T T T T T T T T T

10 20 30 40 C 50 60 70 80 90

[

Figure 3.72 Langmuir isotherm for dye (AR73) adsorption on PP

3.3.4.2. Freundlich isotherm for dye (AR73) adsorption

The experimental data was justified for multilayer adsorption mechanism through Freundlich
isotherm equation (3.6) by plotting a graph of InC, versus Inqg. (Table 3.68, Figure 3.73) and
linear connection was observed with good regression coefficient, R”=0.993. From the slope
n was calculated and found to be 3.359 which showed good adsorption process [208].
Usually since n decreases, adsorption becomes more complicated (n = 2-10 denotes good

adsorption, n = 1-2 difficult adsorption and n<1 poor adsorption) [294].
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Table 3.68 InC. vs Ing. data of PP at different concentration for dye adsorption

Initial concentration (ppm) 150 200 250 300

InC, 2.792 3.588 4.059 4.416

Inq, 4.896 5.099 5.258 5.381

5.4-
5.3
5.2

=

=
5.1-

5.0

4.9

T T T T T T T T T T T T T T T T T T T
26 28 30 32 34 36 38 40 42 44 46
InC,

Figure 3.73 Freundlich adsorption isotherm for dye (AR73) adsorption on PP

3.3.4.3. Explanation on isotherms for dye adsorption

The values of various parameters of two models suggests (Table 3.69) that the adsorption of
dye (AR73) on PP comply both Langmuir and Freundlich model but preferably the

Freundlich model.

Table 3.69 Theoretical values of g, b, Ry, n, kg and R? of adsorbent PP

Parameters qm (mg/g) b (Lmg") R* RL n kg
Langmuir isotherm 258.39 0.0556 0.989 0.0565 - -
Freundlich isotherm - - 0.993 - 3.359 57.546
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3.3.5. Adsorption kinetics for dye adsorption on PP

The adsorption kinetics is important to investigate how quickly ions move from aqueous to
solid phase and how long it takes time to reach equilibrium position. In the study, two kinetic
models (Pseudo-first-order and pseudo-second-order) were applied to justify the adsorption

process.
3.3.5.1. Pseudo-First-Order reaction kinetics for dye adsorption on PP

The Pseudo-First-Order kinetic equation (3.7) was introduced by Lagergren in 1898 to
illustrate the adsorption process. Pseudo-first-order kinetic model was obtained by plotting a
graph with log(qe-q;) against t (Table 3.70, Figure 3.74) where a linear relationship was

observed in between log(qe-q;) and t.

Table 3.70 Time, t(min) and log(q.-q;) data of PP at different concentration

Time, log(gqe-qr) at  log(qge-qq) at log(qge-qy) at log(qe-qr) at
t(min) 150 ppm 200 ppm 250 ppm 300 ppm
5 0.926 0.862 0.763 1.225
10 0.542 0.771 0.613 0.931
15 0.535 0.617 0.628 0.687
20 0.23 0.322 0.344 0.412

B 150 ppm
1.2 4 ® 200 ppm
A 250 ppm
Vv 300 ppm
1.0
= 0.8
)
g
2 0.6
0.4 1
0.2 1

4 | tIS | 8 | 1I0 | 1I2 | 14 16 18 20 | 22
Time, t (min)
Figure 3.74 Pseudo-first-order kinetics for dye (AR73) adsorption on PP
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3.3.5.2. Pseudo-second-order reaction kinetics for dye adsorption on PP

In 1999 Ho and Mckay established pseudo-second-order rate reaction (2.8) and the model
was obtained with a graph by plotting t/q; versus t (Figure 3.75).

Table 3.71 Time, t (min) and t/q; data of PP at different concentration

Time, t/q; at t/q; at t/q; at t/q. at

t(min) 150 ppm 200 ppm 250 ppm 300 ppm

5 0.0399 0.0319 0.0273 0.0249
10 0.0768 0.0633 0.0532 0.0479
15 0.1151 0.0939 0.0798 0.0706
20 0.1515 0.1236 0.1053 0.0932
30 0.2244 0.1831 0.1562 0.1381
0.25
0.20
0.15 -
2
=
0.10
0.05 [ |
o
A
Vv 300 ppm
0.00 T T T T T T T T T T T
5 10 15 20 25 30

Time, t (min)

Figure 3.75 Pseudo-second-order kinetics for dye (AR73) adsorption on PP

3.3.5.3. Explanation on kinetics for dye adsorption on PP

Different parameters of kinetic models are computed from the slop and intercept of each

linear plot are summarized in Table 3.72.
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Table 3.72 Pseudo-First-Order and Pseudo-Second-Order kinetics parameters of dye

adsorption on PP

Kinetics | Parameters 150 ppm 200 ppm 250 ppm 300 ppm
model
. qe (mgg) 133.69 163.85 192.08 217.26
.E » k;(1/min) 0.0965 0.0815 0.0571 01234
-§ § R’ 0.900 0.904 0.835 0.998
E Qe (mgg™) 12.078 12.204 7.889 30.478
g | ke (¢/mg min) 0.016 0.0138 0.015 0.0081
_§ § R’ 0.999 0.999 0.999 0.999
& § qQ. (mggl) 135.14 166.67 192.31 22222
3
wnn

" Experimental, Theoretical

The linear fitting results of the two models suggest that in case of pseudo-second-order
model, the theoretical g. values agreed well with the experimental g, values. It was also found

that the correlation coefficient (Rz) values of Pseudo-Second-Order kinetic model was better
compare to pseudo-first-order-kinetic model.

240

220 | Experimental

- First-order

200 ] - Second-order

180 -
160 -

133.69

150 ppm

163.85

200 ppm

192.08

192.31

217.26

300 ppm

222.22

Figure 3.76 Comparison between experimental and calculated dye adsorption capacity of PP
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The feasibility of the model is dependent on the closeness of the theoretical and experimental
q. value and the highness of regression coefficient (R*). It is evident from the Figure 3.76
that the calculated adsorption capacities were in good agreement with the experimental values
in case of Pseudo-second-order kinetics. Hence, it is comprehensible that Pseudo-Second-

Order model was better fitted for dye adsorption on PP compared to earlier model.
3.3.6. Thermodynamic analysis for dye (AR73) adsorption on PP

To verify endothermic or exothermic nature of the adsorption process of dye on PP was also
studied at different temperature. Adsorption experiments were run at a series of temperatures
to determine thermodynamic parameters, e.g., Gibbs free energy (AG), enthalpy (AH), and
entropy (AS) by the equations (2.9), (2.10) and (2.11).

For this study, 20 mg PP was added in to 20 mL (150ppm) of dye solution at pH 2.0 for each
experiment. The batch experiments were than shaken in an orbital shaker at 298K, 308K,
318K and 328K temperature at different time period ranging from 5-120 minutes. The impact
of temperature and contact duration on dye adsorption capacity of PP were investigated and
showed in Table 3.73 and Figure 3.77. With increased temperature, the adsorption efficiency

of PP was decreased [201].

Table 3.73 Temperature and time vs adsorption capacity data of PP

Adsorption Capacity (mg/g)
Time, t (min)

298K 308K 318K 328K

0 0 0 0 0
5 68.4 58.73 57.64 57.63
10 89.09 83.62 82.62 83.62
15 109.45 105.11 96.17 91.54
20 131.84 120.17 111 99.17
30 135.34 125.34 114.27 104.08
40 136.21 125.53 114.58 105.21
60 136.13 124.41 115.21 104.74
120 135.44 124.23 115 105.11
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Figure 3.77 Effect of temperature and time of dye adsorption on PP

Table 3.74 van’t Hoff equation 1/T vs Inkq4 data of PP for dye adsorption

/T 0.0034 0.0032 0.0031 0.003
Inkq 2.223 1.626 1.163 0.818
2.5
2.0 +
= |
M 1.5
£
1.0
005 T T T T T T T T T
0.0030 0.0031 0.0032 0.0033 0.0034
1/T (1/K)

Figure 3.78 Thermodynamics of dye (AR73) adsorption on PP
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Fact is that, when temperature raises, the kinetic energy increases and releases of the
adsorbate from PP. At 298K temperature the equilibrium adsorption capacity was 135.34
mg/g which decreased to 125.34, 114.27, and 104.08 mg/g at 308K, 318K and 328K

respectively.

Table 3.75 Thermodynamic parameters of PP for dye adsorption

T(K)  AG (kJ/mol) AH (kJ/mol)  AS (kJ/mol K) R’

298 -5.503 -29.498 - 0.0815 0.992
308 -4.102
318 -3.074
328 -2.231

A straight line was acquired through a graph by plotting 1/T versus Inky (Table 3.74, Figure
3.78). The standard enthalpy (AH), and entropy (AS) was obtained from the slope and
intercept and were - 29.498 kJ/mol and - 0.0815 kJ/mol (Table 3.75) respectively. The results
of AG for adsorption of dye on PP at the temperatures of 293K, 308K, 323K and 338K were
attained -5.503, -4.102, -3.074, and -2.231 kJ/mol, respectively. The negative AG exposed
that adsorption of dye (AR73)) on PP was spontaneous and negative AH indicated exothermic
in nature. Moreover the negative AS exposed the lessen in randomness at the solid/solute

interface during the adsorption of dye on PP [295].

3.3.7. Plausible mechanism for dye adsorption on PP

Sorption mechanism express the electrostatic interaction between oppositely charged
particles through different bond formations e.g., H-bonding, Van der Waals force, dipole-
dipole induction, ion-exchange and so on. It was revealed from earlier investigation that the
functional groups such as carboxyl, hydroxyl, and phenolic groups exist in bio- adsorbent
could attach and remove dye along with other pollutants from dye effluents [295, 304]. It is
assumed that PP contains hydroxyl and carboxyl groups which are supposed to form

hydrogen bond (Scheme 3.4) with dye (AR73) which is prevail in this study [192].
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Scheme 3.4 Plausible mechanisms of dye (AR73) adsorption on PP

3.3.8. Regeneration of used PP for dye adsorption

The possibility of re-using PP as adsorbent was investigated. dye loaded PP was regenerated

using1 % NaOH and HCI solution thrice which was shown in the Flow chart 3.8.

Used
Drying Adsorbent

. . . Distilled Water
Washing with mild +
AcidicWater

1% NaOH

Washing with
Distilled Water Shaking

Flow chart 3.8 Flow diagram of regeneration of used PP

Experimental pH, adsorbent dose and other conditions were at optimum level. The results of
regeneration studies are presented in Figure 3.79 which shows that adsorption capacity

gradually decreased from 86.73 to 37.49 mg/g. It is evident that regenerated PP can be reused

to remove dye from aqueous solution.
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Figure 3.79 Adsorption capacities of regenerated PP

3.3.9. Application of PP on real sample (Dyeing wastewater) for alleviation of pollution

load

After assessing the capabilities of PP in removing dye (AR73)) from aqueous solution by

various batch experiments, the performance to remove dye from real sample (dye effluents)

was verified. In order to observe the adsorption of dye from concentrated dye effluent, 250

mg (1.0g/L) of PP was added to 250 mL of dye wastewater and followed by shaking at room

temperature for 2 hours at pH 2.8.

Table 3.76 Quality parameters of dye effluents before and after adsorption

Before After % of DoE

Parameters

adsorption  adsorption removal Standard
Dye (PPM) 139.95 1.61 98.17 -
Adsorption Capacity (mg/g) - 137.39 - -
pH 5.5 5.2 - 6.5-9.2
TDS (ppm) 3,854 48 98.75 2100
EC (uS/cm) 1,709 97.3 94.31 1200
NaCl (%) 3.1 0.2 93.54 -
BODs (ppm) 812 37 95.44 <100
COD (ppm) 2164 286 86.78 200-400
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The concentration of dye before and after adsorption was analyzed by UV-visible
spectroscopy and other water quality parameter such as pH, TDS, EC, NaCl %, BODs, and

COD were also tested, however the values are showed in Table 3.76.
3.3.10. Discussion on real sample analysis

Obtained results indicate (Table 3.76) that after adsorption, dye removal % was 98.17% but
the adsorption capacity was 137.39 mg/g in case of dyeing effluents which is much lower
than theoretical capacity (qm, 258.39 mg/g). This is may be due to the presence of aggressive
ions and other matters that were used in leather manufacturing which decrease the capacity of
the PP [298]. On the other hand, after adsorption with PP the water quality parameters (pH,
TDS, EC, NaCl %, BODs, and COD) of collected dyeing effluents were also reduced

immensely and all values were within the standard limit except pH.
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Chapter 4

Conclusions and Scope of Further Study
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4.1. Conclusions

Water quality parameters had been determined for tannery effluent affected rivers of

Bangladesh to evaluate the magnitude of surface water pollution. In the mitigation strategies,

out of different remediation techniques adsorption had been applied by preparing various

adsorbents from agro-based waste materials. The chemically activated pyrolyzed peanut shell

and baggage and chemically activated peanut shell can be used as adsorbent to remove metal

like chromium from tannery effluents. They could be regenerated and reused for several

times. The natural potato peel could be the efficient adsorbent for the removal of leather dyes

(anionic) from tannery effluents, however, further studies are warranted for their

development as commercial adsorbent.

The following conclusions may be drawn from the present study

7
L X4

>

This study found that important physicochemical parameter like TDS, EC, % NaCl
and COD of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river water were more

than permissible limit set by national and international standards.

A number of heavy metals such as Cr, Cu, Cd and Pb were observed greater than
Bangladesh standard (ECR’97) which denoted the pollution level. It could be said that
water of Dhaleshwari, Buriganga, Bhairab and Karnaphuli river were highly polluted
as treated and or untreated tannery effluents discharged into the study area along with

other industrial effluents.

Chemically activated pyrolyzed peanut shell, chemically activated peanut shell, and
chemically activated pyrolyzed bagasse had considerable adsorption capacity for the
removal of chromium from aqueous solution and those could be used as competent

adsorbents for the removal of chromium from tannery effluents.

Potato peel powder showed significant adsorption capacity of anionic dyes from
aqueous solution and leather dyeing effluent at lower pH, since the potato peel

powder possessed positive surface charge at pH lower than pHyp..

Al those adsorbents could be regenerated and reused for several time without losing

too much capacity.

The adsorption of Cr(IIl) was followed both the Langmuir and Freundlich isotherm
models preferably Langmuir model by adsorbents pyrolyzed peanut shell, peanut

shell, and pyrolyzed bagasse. However, potato peel powder was followed both the
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Langmuir and Freundlich isotherm models preferably Freundlich model in case of dye

adsorption.

The pseudo-second-order kinetic model provided better correlation for all adsorbents

compared to pseudo-first-order kinetic model.

The value of Gibb’s free energy and enthalpy change for all the prepared adsorbents
were negative at different temperatures, which revealed the adsorption processes were

physico-chemical and spontaneous at lower temperature.

4.2. Scope of Further Study

The following suggestions can be made for future study

Adsorbents prepared from various agricultural by-products can be used for the
removal of heavy metals and different anionic and cationic dyes since agricultural by-
products are easily available and low cost.

Composite can be prepared by mixing of agricultural by-products with different
polymeric materials and adsorption capacity may studied for the reduction of
pollution from tannery wastewater.

The chemically activated pyrolyzed peanut shell, chemically activated peanut shell,
and chemically activated pyrolyzed bagasse used for heavy metal removal are limited
to lab scale, at present. Therefore, further research is required to scale up for a large-
scale practical application.

Potato peel powder showed significant adsorption capacity of anionic leather dye C.I.
Acid Red 73 from aqueous solution and leather dyeing effluent, which could be tried

for other dyes for leather and textile dyeing.
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	Molecular formula of C.I. Acid Red 73 is C22H14N4Na2O7S2 and molecular weight is 556.490.

